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Preface

“When someone is searching, -said Siddhartha, - then it might
easily happen that the only thing his eyes still see is that
what he searches for, that he is unable to find anything, to let
anything enter his mind, because he always thinks of nothing
but the object of his search, because he has a goal, because he
is obsessed by the goal. Searching means: having a goal. But
finding means: being free, being open, having no goal. You, oh
venerable one, are perhaps indeed a searcher, because, striving
for your goal, there are many things you don't see, which are

directly in front of your eyes.”
— Siddhartha.  Hermann Hesse.

The Standard Model of particle physics (SM) is the best theory that we have so far
to understand the nature. It is a theory that has been built collecting the effort from
brilliant physicists who have adapted mathematical concepts and extended the available
theoretical framework by the need of accommodating it to the experimental evidence.
Although the SM describes with high accuracy most phenomena in nature, there is
evidence of physics beyond it, which challenges physicists to seek answers. We will
introduce first some of its Achilles heels that, supported by experimental observations,

denote that the SM cannot be the ultimate theory and forces us to think beyond it:

e The origin of neutrino masses and their nature. Neutrinos are particularly
interesting as, in addition to their unexpected tiny mass, which cannot be
explained in the context of the SM, they are the only neutral fermions in the
SM, allowing them to be their own antiparticles. We will describe their status
and introduce the main mechanisms behind their mass generation in Chapter 1,

their connection between their nature and lepton number will be discussed in
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Chapter 5, while also in that chapter and in Chapter 6 we will study their interplay
with other open problems such as dark matter or Grand Unified Theories (GUTS).

e The nature of dark matter: Experimental evidence indicates that the universe
is filled by some unknown matter, which several candidates could explain. Dark
matter (DM) will be introduced in Chapter 2, where two of the most appealing

candidates will be presented: weak interacting massive particles and axions.

e Matter-antimatter asymmetry: In the early universe equal amount of matter
and antimatter should have been created; however, here we are. A tiny portion
of matter - about one particle per billion - managed to survive. One of the
conditions required for this asymmetry to occur in the evolution of the universe
is the violation of baryon number. In Chapter 3 and 4 we will introduce theories

where such condition can be satisfied.

* The flavour B-anomalies: Recently, hints of lepton flavour universality violation
have been reported in B meson decays. Puzzled by their possible origin, in
Chapter 9 we perform a global fit to b — ¢ transitions including as input the
most updated values available. For that, we will adopt a bottom-up approach
from an effective field theory point of view, presented in Chapter 8. We will show
that, although the fit prefers new scenarios rather than the SM, no preference for

a certain type of new physics is found.

Apart from the topics mentioned above, the SM also leaves without a satisfactory
explanation several concepts that make them less aesthetic and claim for a better

understanding. Among them,

e The symmetries of the SM: The three forces in the SM suggest a common
origin at high energies. The original GUT proposed by Georgi and Glashow
based on SU(5), in spite of its predictive power and beauty, fails to reproduce
the correct mass relations among fermions, unification of gauge couplings and
massive neutrinos, as will be explained in Chapter 6. In that chapter, as well as in
Chapter 7, we present minimal realistic alternatives to the original model and their
interplay with other problems of the SM such as neutrino masses (Chapter 6), the
existence of DM and the strong CP problem (Chapter 7).
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Besides the SM gauge symmetries, there are accidental symmetries such as
baryon and lepton numbers, or combinations of both, which could suggest a
local symmetry behind them. Those will be discussed in Chapter 3. In there, we
will show that, by gauging these symmetries, very appealing connections between
neutrino masses and DM appear as well as rich phenomenology regarding DM,
which naturally arises in some of these models as a prediction of anomaly
cancellation. The fact that the upper bound of these theories is at the multi-TeV
scale makes their phenomenology testable at the current or near future stages
of colliders (LHC), direct detection (Xenon-1T, Xenon-nT...) or indirect detection
(Fermi Lat, HESS, CTA...) DM experiments, as we will show in Chapters 3, 4 and 5.
Particularly interesting are, as we will show, theories for local baryon number,
motivated by the capability of the LHC to detect their hypothetical leptophobic

gauge boson mediator and their consequent low scale phenomenology.

e The strong CP problem: Why does Quantum Chromodynamics (QCD) seem to
preserve CP? A pseudoscalar field called “axion" is an attractive answer. Axions
will be discussed in Chapter 2 and their embedding in GUT theories in Chapter 7,

where we will show that, in their context, the mass of the axion can be predicted.

The aforementioned topics, as shown above, might be deeply connected. The aim of
this thesis is to explore motivated extensions of the SM connecting the different open

problems just presented under the guidance of:

e Simplicity, meaning minimal amount of content to explain the maximum number
of open issues. Nature may be wayward, but having two potential paths towards

an answer, we will bet for the simplest one.

e Predictivity, meaning that the elements in the theory are connected in some
extend. The less freedom the theory enjoys, the more predictive power it has,

therefore becoming more attractive.

* Testability, in the sense that their predictions may be falsified by current or near

future experiments.

The above define the compass we will take for our journey in beyond the standard

model territories, and this thesis is going to be the logbook of that wonderful trip.






1.- Neutrino physics

Neutrino masses are certainly a clear evidence for beyond the Standard Model
physics. The SM of particle physics predicts massless neutrinos: no mass term is
allowed by the symmetries SU(3).® SU(2);, ®U(1)y within the matter content of the
theory. The later was believed for a long time, reinforced by the experimental evidence
of lepton flavour number conservation, until in the late 90s several experiments had
reported anomalies in the interaction rates of solar [I] and atmospheric [2] neutrinos.
The well-known solar neutrino problem exhibits a mismatch between the expected
and observed neutrinos coming from the Sun; although the vast majority of neutrinos
emitted by the Sun were supposed to be produced as electron flavour eigenstate
neutrinos, only a third of those were observed at the detectors. This apparent
contradiction was finally resolved by the Sudbury Neutrino Observatory (SNO) in 2001 [3].
Neutrino oscillations were also reported in other experiments based on reactor and
accelerator beam neutrinos [4, 5].

Such phenomenon observed at experiment indicates that the neutrino flavour
eigenstates do not correspond to their mass eigenstates, which would be the case if
they were massless. In this context, there should be a rotation matrix connecting the
mass eigenbasis with the flavour one, since both the charged and neutral lepton mass
matrices, in general, cannot be simultaneously diagonalized, as we will briefly show in
the following.

Let us assume that a Dirac mass term for the neutrinos is violating the lepton flavour

number in the Lagrangian,
— Ly DEL Yo% ep+7L Yy > v + hee. Ly

V2 V2
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where vy = 246 GeV is the vacuum expectation value (vev) of the SM Higgs boson. It is
well known that any complex matrix (i.e. flavour Yukawa couplings) can be brought to
a positive definite diagonal form by a bi-unitary transformation, particularly the lepton

Yukawa terms in the broken phase, as follows:
— Ly Dep Ve, M3V} ep + o1V, M3 V] vg + he. 1.2)

By redefining the leptons in the following way e; r — V¢, err and v p —
Vii g VLR, the mass matrices in Lagrangian are brought to a diagonal form, so that our
fields are now physical states. This rotation, however, analogously to the quark sector,
induces a mixing term in the charged leptonic current from the 7 D,v"¢}, kinetic

term:
9

V2

LD —iﬁWﬂ_’y“uL —

5 LW, ViV, vL. (1.3)

Upnins
where ¢ refers to the SU(2)1, gauge coupling. Therefore, choosing the basis such that
the charged lepton flavour states are diagonal, we can absorbe the rotation matrices in
the neutrino transformation in the matrix Upyns, the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, as Eq. 13 shows. This matrix is the analogous to the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix, Vcxy, in the quark sector; it connects

the mass and flavour eigenstates of the neutrinos and it is responsible for the neutrino

oscillations:
VeL VL Ut U Ues
vur, | = Upmns | vor | » where Upyns = | U, i Uus Ups |- (1.4)
Vrl, V3L U Ur2 Uss

Taking into account that the matrix is unitary, it can be expressed as
Upwins = €7, where H = H. 1.5)

On the other hand, any matrix can be decomposed in a symmetric (S) and
antisymmetric (A) part as follows: H = S + A. Then, because of the hermitian

nature of H, S = S* and A = —A*. Now, taking into account the number of degrees
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of freedom (d.o.f)), illustrated in the diagram below, we obtain:

\ } #Hv] SN 1) = Ny = =D =2)

- 9 (1.6)

—
N
I

[\

i
I
<
|
=
y
3
|
=
=
|

where the 2N — 1 account for the d.o.f. we can rotate away by using the freedom of
the lepton global phases. Therefore, for N = 3 (three families of neutrinos) we can
parametrize the Upyns matrix with Ng, = 3 real (Euler) angles and Ny, = 1 complex
(CP) phase that can lead to CP violation:

1 0 0 C13 0 e~ 10 c12 S12 O
Unmns = | 0 cog  s93 0 1 0 s12 c12 0. (L7)
0 —s93 co3 —S13 ev 0 C13 0 0 1

Note that, if neutrinos are Majorana (discussed in Sec. 1.1), a global phase redefinition
does not leave the Majorana mass term invariant so that two extra CP violating phases
should be taken into account in this case. ! The fact that Upyns # I implies that the
flavour states will evolve as a linear combination of mass eigenstates over time. The
later allows us to talk about the conversion probability between flavour states, which

quantum mechanics tells us that is given by,

P(va = vy) = —4 ) Re[Uz;UpiUq;Upy] sin® Ayj + 2> " Im[Uy;UpiUs; Upy] sin 24,
i<j 1<J
(1.8)

2 mJQ)L /AE,, being L the distance at which the neutrino interacts

where A;; = (mj —
along its direction of flight, and F, its energy. From Eq. 1.8, the reader can conclude that
the existence of neutrino oscillations implies the existence of at least two non-degenerate
massive neutrinos. From the experimental data on neutrino oscillations one can extract

the absolute value of the mass differences between the three neutrino mass eigenstates.

'"These Majorana phases, however, do not enter in the neutrino oscillations. They only enter in processes
where lepton number is violated in two units.
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Am3, [107° eV?] AmZ,[1073 eV?] sin?015/10~!
NO and 10 NO 10 NO 10
7.424028 2.5171 0058 —2.498 £0.028 3.04£0.12 3.0470 13
sin? f3/1071 sin? 63 /102 5[]
NO 10 NO 10 NO 10
+0.16 +0.16 +0.063 +0.062 27 +26
5.73 050 B5.75701  2.238T00%  2.21970 003 197431 282739

Table 1.1: Best fit parameters at +1¢ for the neutrino parameters given by the recent
global analysis from Ref. [8], where ¢ = 1 for NO and ¢ = 2 for IO (see main text).

However, notice that Eq. 1.8 does not allow us to predict their absolute mass scale from
neutrino oscillation data, although other experiments set an upper bound for the scale

of neutrino masses [6],
3
mg < 1.1 eV at 90% C.L., where m% = Z |Uej\2m§, L9
J

which is suggested to be even stronger by cosmological probes [7],

> my, <012 eV. (1.10)

i
Nevertheless, the later bound depends on the combination of data adopted and could be
weakened depending on the data set considered in the fit. Such ambiguity in the sign
of |Am;;|? gives rise to two possible non-equivalent hierarchies: normal ordering (NO),
my < mg < msa, and inverted ordering (I0), m1 >ms >m3. 2 We show in Table 11 the
results on the neutrino parameters from the most recent global fit analysis in Ref. [8] *
After this brief introduction on neutrino physics we are aware that, although the
observation of neutrino oscillations clearly brings out the incompleteness of the SM, the
neutrino mass hierarchy, the reason why the neutrino masses is more than one million
times smaller than the mass of the electron, their mass values, together with the key

question whether they are Dirac or Majorana particles are still shrouded in mystery.

%Global fit results on the parameters describing neutrino physics show a preference for the normal
hierarchy, mildly below 30 [8] when only data from oscillation experiments is taken into account. When
also including cosmological input, such preference increases up to 3.30 [9].

3See also Ref. [9] for an alternative fit with similar results.
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1.1 Nature of neutrinos: Lepton number

One can distinguish three reasons why the neutrinos are massless in the SM, or in

other words, why B-L is an exact symmetry:

(a) there is no right-handed (RH) lepton field allowing for a Yukawa interaction with
the SU(2), lepton doublet,

(b) there is only one scalar in the theory: the SM Higgs is a SU(2);, doublet with
hypercharge 1/2,

(c) when referring strictly speaking to the SM we assume a renormalizable theory,

i.e. only dimension 4 interactions are considered in the Lagrangian.

Therefore, the SM matter content and gauge symmetries do not allow for a mass term
in a renormalizable Lagrangian. However, we have discussed that neutrinos must have
mass to account for the experimental hints on lepton flavour oscillations. Hence, we
should expect either (a), (b) or (c) to be incorrect.

Let us start by assuming (a) is false and that the SM contains a RH neutrino,
vr ~ (1,1,0). If so, the SM gauge symmetry group allows for the following interaction

in the Yukawa Lagrangian,
— Ly DY, {riocoH vr + h.c., 11D

so that neutrinos will get mass through the Higgs mechanism as well as the rest of the
charged fermions in the SM. Their mass is connected to the electroweak (EW) scale via

the EW spontaneous symmetry breaking (SSB) as follows,

MP =y, 0
v V2

Therefore, we would need a Yukawa of order Y, ~ O(107!2) in order to achieve the

1.12)

proper mass scale for the neutrinos, fixed by Eq. 1.9, which is absurdly six orders of
magnitude smaller than the electron. This bring us to the puzzling question: Why

neutrinos are so light?
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At this point, some comments are in order. In the physics community, it is common
to hear complains about the smallness of the Y, in the case neutrinos are Dirac particles.
This issue is typically (and wrongly) called a fine tuning problem. 1t should be therefore
stressed that having a small Yukawa coupling is totally natural in the sense that this
parameter is protected by the chiral symmetry, as well as are the rest of Yukawa
couplings in the Lagrangian. Furthermore, by fine tuning we usually refer to tuned
cancellations between two (or more) terms, which is transversal to our scenario. Said
that, it is fair to also stress that such strong hierarchy between the Yukawa couplings of
the neutrinos and the charged leptons is also present in the quark sector, where there
are 5 orders of magnitude between the Yukawa couplings of the up and top quarks.
Hence, there is nothing wrong about neutrinos being Dirac particles, although aiming to
understand from a theoretical point of view such hierarchy among the fermion masses,
Majorana neutrinos would be appreciated since, as we will see in the following, they
can provide a nice justification for that.

Neutrinos are unquestionably Dirac particles if lepton number is conserved but, as
we will learn in Chapter 3, lepton number is just an accidental symmetry in the SM
renormalizable Lagrangian, in general not guaranteed anymore when new fields are
considered, so that nothing prevents the Lagrangian from having the following bare
mass term,

—LD %VIECMRVR + h.c., (113)

allowed by gauge symmetries and Lorentz invariance. Notice that the above interaction
violates lepton number in two units! In this case, one can introduce the following
4-component field,

Uy =vg+ (VR)S, (L14)

so that neutrinos are their own antiparticles (Vn)¢ = Wy), ie. they are Majorana
particles. Actually, there is no specific need for having RH neutrinos in the theory to
account for neutrino masses. Let us look closer to option (c). As commented in the
Preface, we know that the SM cannot be the ultimate theory for nature. If we think of
it as a part of (up to dimension-4) an effective field theory (EFT), we expect the lowest
dimensional operator to dominate the effect of new physics (NP), in this case dimension

5 operators. Curiously, it turns out that by taking into account the symmetries and
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particle content of the SM, there is only one possible dimension 5 operator that can be

written down: the so-called Weinberg operator [10],
L= zggf o<5> Z e o<n where O®) = ((Sigo H*)(H iool1), (115)

which, after SSB, leads to a Majorana mass term for the left-handed (LH) neutrino. That
mass is naturally suppressed by the scale of NP, in that case, the scale where lepton
number is violated in two units (AL = 2). Indeed, the scenario of a RH neutrino
commented above is naturally included in this approach when the vg is integrated
out! There are two possible topologies that can lead to the Weinberg operator at the

renormalizable level, *

HeH~(1,1,1)8(1,3,1)
—_—— =
Topology I: 5+ A: Type-Il (1.16)

Topology II: (@ H~(1,1,0)®(1,3,0) (117)
—_—— —
vRr: Type-l  3: Type-lI
Those lead to the three possible realizations at tree level of the Weinberg operator, as

represented in Fig. 1.1. In contrast with the tree-level case, there are several realizations of

H H H. ,H H H
! ! N ! !
l, ' Npg ' 4y, l ' 4y, l ' YR ' 4,
’ "fype-f ) ’ Type-1I ) ’ T§pe-IfI )

Figure 1.1: Seesaw mechanisms: tree-level realizations of the Weinberg operator. Figure
adapted from Ref. [11].

the Weinberg operator at the quantum level. We will focus on two of them at the 1-loop

level for convenience: the Zee model and the colored seesaw. The following section

“Note that, at the renormalizable level, vz ~ (1,1,0) (Type-) and g ~ (1,3,0) (Type-1II) imply that
assumption (a) is incorrect, while A ~ (1,3, 1) (Type-II) implies that the false statement is (b).
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is devoted to discuss the above mechanisms for neutrino masses. We note that these
realizations are usually referred as seesaw mechanisms because of their resemblance
with a seesaw regarding the mass suppression effect: the heavier the NP scale, the

smaller the neutrino masses. In Fig. 1.2 we illustrate such analogy.

[M,)]
@

o

Figure 1.2: Mlustration of the seesaw mechanism: The heavier the NP scale, the more it
pushes the neutrino masses to be small. The EW scale acts as a fixed support.

1.2 Mechanisms for neutrino mass generation AL = 2

First, we will discuss the three seesaw mechanisms based on the three possible
tree-level realizations at the renormalizable level of the Weinberg operator and, then, we

will discuss two simple possibilities to generate neutrino masses at the 1-loop level.

1.2.1 Type-I seesaw mechanism

The Type-I seesaw [12-16] mechanism is maybe one of the simplest mechanisms
for neutrino mass generation, since it only requires the addition of a SM singlet vp ~
(1,1,0) to the matter content of the SM. The relevant Lagrangian in this context is
given by,

— LYl 5 0 Y ioo H v + %WMRVR +h.c, (1.18)

where Y, and My are 3 x n matrices, being n the number of RH neutrinos that we
include in the theory. We will assume that n > 2 because at least two non-degenerated
neutrinos are needed to account for neutrino oscillations, as previously commented.

Once the theory undergoes SSB, the neutrino mass terms can be identified from the
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above Lagrangian as follows,

1 0 M ¢
_ rhpel - B (ﬁ (VR)C) (MT MD> <(VL> ) +h.c,, (119)
p MR VR

where Mp =Y, vo/+/2 is the Dirac mass acquired through the Higgs mechanism, and

we have used the properties on the charge conjugated fields listed in Appendix A. If
[Mg] > [Mp), ® the diagonalization of Eq. 119 by blocks gives us,

M, = —MpMgz'M} + O ([Mp]*/[Mg]*) and My ~ Mg, (1.20)

where v and N are the physical neutrino states. One can easily recognize from the
above expression the analogy with a playground seesaw. Assuming an order one Yukawa
Y, ~ O(1), a Majorana mass of Mg ~ O(10'*) GeV would be needed to generate
the observed neutrino mass scale (see Eq. 1.9). Such upper bound is commonly called
canonical seesaw scale. Sadly, if this is the case and our theory sponsors a high scale

seesaw (order one Yukawa coupling) it will be barely possible to falsify.

1.2.2 Type-II seesaw mechanism

According to the topologies in Eqgs. 116 and 117, for implementing the Type-II
seesaw [16-19] a triplet under SU(2), with hypercharge 1, i.e. A ~ (1,3, 1), is needed:

B o A*/\/i A+t

In this case, the relevant interactions for generating neutrino masses are given by
— LW S (T CioyYaAALL + he) + MATe{ATA} + (MHWO—QH* + h.c.) , (122)

where we do not include here the full scalar Lagrangian but only the relevant terms for
understanding the mechanism. Note that in the first Yukawa term we could choose the

lepton charge of A to be —2, so that, if = 0, lepton number would be a good global

’In the following, we will refer to the mass scale of the matrix A as [A].
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symmetry of the full Lagrangian. However, if M% < 0, A gets a vev and lepton number
would be spontaneously broken, leading to the Majoron predicted by the Goldstone
theorem. The later possibility is ruled out as it is the original Gelmini-Roncadelli
model [20]. Let us consider ;1 # 0 instead, which breaks explicitly lepton number in the
Lagrangian from Eq. 1.22. In this context, even if M3 > 0, the spontaneous breaking
of the EW symmetry triggered by the SM Higgs induces the scalar triplet to get a vev,
ie, (A) =wva/ /2. Therefore, via the Yukawa interaction in Eq. 1.22, neutrinos get the
following Dirac mass:

M, = V2Yava. (1.23)

What can we infer from va? The triplet A carries EW quantum numbers so that its vev

enters in the EW gauge boson masses in the following way:

2 2
g g
Mjy = =-(vf + 203), and M7 = m(vé + 43). (1.24)
Because of the current constraints on the p parameter [21],
M? 14 20% /12
p= w o LE20 g ggg000020 (1.25)

MZcos? Oy 1+ 40k /vd

we know that va < wp; particularly, vA < 5 GeV. In this limit, and also assuming

~

Mn > v, 8 the minimum conditions of the scalar potential imply,

2
Yo

— 1.26
I M (1.26)

VA~
where we can recognize again the seesaw mechanism: the larger the mass of the triplet,
the smaller the neutrino mass, since the vev of the SM Higgs is fixed. Notice that ,
although being a dimensionful parameter, is protected by the global lepton number as
commented before and parametrizes the strength of lepton number violation. Therefore,

we should expect the mass of the neutrinos to be proportional to . In this scenario,

SThis is a good assumption since collider bounds for the charged scalars do not allow their mass to be
below the EW scale. Furthermore, the bare mass for A is not protected by any symmetry and, in principle,
is sensitive to any UV correction.
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very striking phenomenology could be produced if the triplet mass scale is relatively
light; see Refs. [22-25] for a detailed study.

1.2.3 Type-IIl seesaw mechanism

The Type-III seesaw mechanism [26-30] works analogously to the Type-1 seesaw but
instead of a singlet, the Weinberg operator is obtained by integrating out a real fermion
triplet X ~ (1,3,0), defined as:

ol /2 Bt
Yp= =i = . 1.27
=" (2 —20/\/§>R (127

The relevant Lagrangian in this context reads as,
_ lpedll o (E\@ Ys Sgioe H* + h.c.) + T{SECMpER). (1.28)

After SSB, the mass matrix for the neutral fields is equivalent to the mass matrix from
the Type-I seesaw in Eq. 1.19 where now Mp = Y5 vy/v/2,

w1/ 0 Mp) ((v)°
_ [hpelll 5 (VL (Z%)c) (MIT) MR> < 50 ) + h.c., (1.29)

so are the masses of the physical fields:

1 ,
MY = §Y§M§1Y2Jv3. 1.30)

Again, a [Mp] ~ O(10'~15) GeV if Y5, ~ O(1) (or equivalently a tiny Yy if Mp
is light) would be needed to reproduce the proper mass scale. In Eq. 1.30 the flavour
indices are written explicitly for the reader to note that, in the context of a single copy
of X g, the Yukawa Yzi is just a vector in the flavour space, so that the rank of the
neutrino mass matrix in Eq. 1.30 is only 1. We need to add, as in the Type-1 seesaw, at
least two copies of X in order to achieve realistic neutrino masses. In this scenario,
however, due to the extra presence of the charged fields ©F, the phenomenology is
much richer. See Refs. [31-33] for studies on the testability of this mechanism at the
LHC.
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1.2.4 Zee model

The Zee model is a 1-loop mechanism to generate neutrino masses, proposed by A.
Zee in Ref. [34]. A mass term can be achieved by adding a charged SU(2)[, singlet, 6T ~
(1,1,1) and a second Higgs doublet, Hy ~ (1,2,1/2), so that the loop responsible for

a neutrino mass term closes as follows:

« (Hy)
ot . H
. (L3D)
VLi§ et VL
€r, 1 ER
" (HE)
The relevant interactions for this mechanism are given by

— Lyee = MECliool 67 + 1LY Heer + pHlioo Hi 6% + hee., (1.32)

where Y, are the Yukawa matrices for the two Higgses present in the theory H. =
(H}, H?)T, being a,b,c = 1 or 2 and a # b in the above expression. The coupling A
is an antisymmetric 3 x 3 matrix in the flavor space. Here, the global B-L symmetry
is broken due to the simultaneous presence of the interaction proportional to A and
the scalar term proportional to y, i.e. only in the presence of a second Higgs doublet
the lepton number is violated in two units, as desired. The above Lagrangian defines
the interaction vertices in Diagram 1.31. Note that we have three charged scalars and
two neutral ones with mass matrices that, as defined in Eq. 1.32, are not diagonal. By

rotating the charged fields in the SU(2);, doublets an amount of tan § = v; /vg,
Hli = cosBHT +sinfGT and HQi = —sin B HT + cos B G™. (1.33)

the charged Higgses above, together with the neutral Higgses, are diagonalized. Here,
v1/v/2 and vy/+/2 are the vacuum expectation values of the neutral Higgses HY and
HY, respectively, satisfying the relation v? 4+ v3 = v32, and the G* are the Goldstone

bosons eaten up by the W+ bosons. Furthermore, the charged Goldstones G* decouple
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from 51 after such rotation. However, the charged Higgses H f%z are not physical yet;
there is a remaining mixing with the 6% in the Lagrangian. These charged fields are

brought to their mass eigenbasis by a rotation with angle 6.,
6f = cos 9+h{c + sin 9+h§: and HT = —sin 9+h{c + cos 9+h§:, 1.34)

where, in the above equation, 6 is proportial to the ;1 parameter. Finally, in the broken

phase we can compute the Majorana mass term generated by the loop in Diag. 1.31:

2

1 g
T ( MM, (YIT cos #— Y, sin ﬁ) +(Y{ cos B— Y sin B)MT )\T) sin 20 Log | —u=
T m
hy
(1.35)

where M, is the mass matrix for the charged leptons. We note that the neutrino
masses are proportional to the p though 6, as expected since ;1 quantifies the lepton
number violation. Then, when g is small one can naturally have small neutrino masses
and this parameter is protected by the symmetry. Notice that when we assume the
Zee-Wolfenstein model [34,35], where only one of the Higgs doublets couples to leptons,
the resulting mass matrix has zero diagonal entries. This particular scenario is ruled
out by experiment [36,37]. However, in the general Zee model for neutrino masses one
has enough freedom to reproduce the values for neutrino mixings and masses. See for

example Ref. [38] for a study of the Zee mechanism.

1.2.5 Colored seesaw

The colored seesaw generates neutrino masses via a loop carrying color inside. It
was proposed by P. Fileviez Perez and M. Wise in Ref. [39]. Its implementation requires a
colored fermion octet, singlet under the EW quantum numbers, pg ~ (8, 1,0), together
with the Manohar-Wise field ®; ~ (8,2,1/2), which is a second Higgs doublet carrying

color. These fields, following the interactions written below,
— Leolored D M Ciga®1ps + M, Tr{pt Cps} + ,U,TI‘{Q)J{H}2 + hec. (1.36)

allow for the loop shown in Diagram 1.37, which breaks lepton number in two units.
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(H®) «. .+ (H°)
~~"¢
®, o (L37)
V) =—p—e—< % P @ U],
P8 P8

The neutrino mass matrix is obtained by computing the loop in Diagram 1.37:

M7 = XN

M2 — M2 + M2 In(M2 /M2
H v24Mp8 ( P4 P8 P8 ( PS/ P4 ) . (138)

1672 (M(%l — Mpg2)?

In order to generate more than one massive neutrino, at least two copies of either ®; or
ps are needed to break the degeneracy and raise the rank of the neutrino mass matrix,
which otherwise would be 1 since the Yukawa coupling A in Eq. 1.36 would be just a
vector in the flavour space in that case.

We have presented some of the most relevant mechanisms for neutrino mass
generation and discussed their main features. In their context, neutrinos are Majorana
fermions and AL = 2. The tree-level seesaw mechanisms usually require either a heavy
NP scale (high-scale seesaw) or a tiny Yukawa coupling as the Dirac case (low-scale
seesaw). The 1-loop mechanisms, however, enjoy a natural loop suppression that allows
for a less dramatical hierarchy in either the couplings or the mass scales in the particle
content of the theory. On the other hand, if lepton number is conserved or broken in
a unit different and greater than 2, no Majorana term is allowed by symmetries, and

neutrinos are Dirac particles, ’ as shown below schematically:

AL =2 <+ Majorana neutrinos

AL > 2 <+ Dirac neutrinos

Therefore, there is a strong connection between the conservation or violation of the

lepton number and the nature of neutrinos, and consequently, their mass generation.

"Notice that we require AL > 2 to avoid a Majorana mass term at the radiative level generated by
non-renormalizable operators.
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Part of the chapter based on the work done in 1901.10483.

There is evidence of dark matter (DM) in the universe, as sustained by the following

tokens:

e Galactic rotation curves, which provided the first robust clue for DM. In the
stars, which are basically colisionless objects, the motion of matter around them
is dictated by their gravitational interactions. At distances extending beyond the
galactic center of the star, Newton’s law tells us that the dependence of the circular
velocity on the distance with respect to the center scales as v(r) = \/GM/r.
However, as observed in the 70s by Vera Rubin et al. [40], I and was further studied
and confirmed [43-45], the rotation curves flatten out at these distances, implying
the existence of some missing mass. The later evidences either that the Newton'’s
law is not correct and should be modified, i.e. MOdified Newtonian Dynamics
(MOND) 2, or that M (r) o< r rather than being constant, i.e. there exists a dark
component concentrated in the halos of massive objects such as stars. See left

panel from Fig. 2.4 for an illustration of this phenomenon.

e Measurements provided by the cosmic microwave background (CMB) anisotropies
allow to determine the DM component in the universe by measuring the angular

scale and heights of the peaks of the power spectrum of temperature fluctuations

1. Oort in 1932 [41] and F. Zwicky in 1933 [42] were the pioneers in noticing a discrepancy between the
luminous matter and the rotation velocities around the Sun and in the galaxy cluster Coma, respectively,
although their observations did not have a significant impact in the scientific community at that time.

“Recently, Ref. [46] pointed out that MOND-like force struggles to simultaneously explain both the
rotational velocity and vertical motion of nearby starts in the Milky Way.

19
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in the CMB. The CMB fit could also be explained by MOND, [47, 48] although
the quality is notably worse than assuming DM instead. From the anisotropies
we can infer that 85% of the matter density conforming the universe is dark,
and that, according to Planck 2018, the relic abundance of cold DM is Oh? =
0.120 £ 0.001 [7].

e Weak lensing, clustering, galactic dynamics (e.g. Bullet cluster), are alternative

evidences pointing towards the existence of DM.

At the moment, we ignore which kind of matter is filling about a quarter of our universe,
although we are aware from the above hints that it should interact gravitationally. This
leave us with 70 orders of magnitude in viable mass range for seeking a candidate of

DM, as Fig. 2.1 shows. In the first part of this chapter, we will discuss weak interacting

10722V keV GeV ooty Mp 10M,

<! ] | | | 1 >
“« 1 T T I I '

“Ultralight” DM “Light” DM WIMP Composite DM Primordial
non-thermal can be thermal black holes

Figure 2.1: Classification of the DM candidates according to their mass scale (not to
scale). In this chapter we will focus on WIMPs (GeV - 100 TeV scale) and axions
(ultra-light non-thermal bosonic DM). Below O(eV) only scalar DM is considered. Image
adapted from Ref. [49].

massive particles (WIMPs) as DM candidates. Cosmological observations suggest that
for scalar DM, Ma1r = 10722 eV [50], while for fermionic DM, Moy, = 0.7 keV [51].
Note that, since no new mediator has been noticed so far below the Z boson, the mass
of a cold neutral fermion candidate has to be above a few GeVs, which is known as the
Lee-Weinberg limit [52], otherwise such candidate would overclose the universe. There
is also an upper bound on the WIMP DM mass range, called unitarity bound, which
comes from the fact that each partial wave cross-section is limited from above [53].
WIMPs are familiar in the sense that we know how to describe their interactions and
we have a well-defined framework to deal with them. Besides, the matter content of the
SM may have to be enlarged anyway to account for other of its Achilles’ heels, so that

WIMPs could be the missing piece of the puzzle, the cornerstone of an improved version
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of the SM. In the second part of this chapter, we will propose axions as DM candidates.
These particles, apart from being able to generate the observed relic abundance in
the universe, also offer an elegant answer to the strong CP problem, which will be

introduced along the chapter.

2.1 WIMPs

Let us assume that, apart from the matter we are aware of, our universe is composed
of a more extended particle content. These hypothetical unknown particles, if exist, are
expected to be (a) electrically neutral, (b) stable or with a lifetime longer than the age
of the universe, (c) massive and cold in the structure formation era of the universe,
(d) weakly interacting, otherwise we would have already noticed their interaction with
other SM particles. WIMPs are assumed to be produced in the thermal bath in the
early universe. Their evolution until today is expected to travel through different steps:
For temperatures above their mass, they are supposed to be in thermal equilibrium
with the rest of matter [Fig. 2.2 (a)l. The abundance of such species in equilibrium
is maintained by annihilation into ordinary particles and viceversa. However, as the
temperature of the universe cools below the DM mass, the WIMP pair creation process
is kinematically suppressed so that the equilibrium abundance falls exponentially and
the number density of WIMPs departs from that of the thermal bath [Fig. 2.2 (b). At
some point, the annihilation rate is overcome by the expansion rate of the universe
H(T), which also depends on the temperature, i.e. WIMPs do not find partners for
their pair annihilation within a Hubble time [Fig. 2.2 (c). At lower temperatures, the
number density of DM is only diluted by the expansion of the universe, so that the
number density per comoving volume is kept constant. In this way, a relic cosmological
abundance is generated which could account for the observed cosmological abundance
today. It is straightforward to see that the interaction cross-section of WIMPs with
the SM content is a key element for determining the current abundance of DM in the
universe. Surprisingly, the naive contribution of a WIMP at the TeV scale successfully
matches the order of the observed abundance of DM in the universe nowadays. This
is known as the WIMP miracle and it makes a strong argument for WIMPs as DM

candidates. The existence of an interaction rate of the WIMPs with matter also opens a
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Figure 2.2: Evolution of the WIMP DM as the universe cools down.

DM

wide range of attractive ways towards searching for the WIMPs experimentally. Although
their interactions might be very weak, there is a small probability that the WIMP DM
trapped in our galaxy collides with nuclei. Direct Detection (DD) experiments search
for signals of recoiled nuclei as a consequence of a potential interaction with WIMPs
through elastic scattering. WIMP DM could also be detected indirectly in cosmic rays,
since WIMPs are expected to be gravitationally accumulated in massive astrophysical
objects and the annihilation rate is proportional to the square of the WIMP DM density.
Last but not least, WIMPs might leave a track at colliders: even if no visible signatures
are produced at the detectors, one can look for missing transverse momentum in the
colliding events. See Fig. 2.3 for an illustration of the different pathways to detect
WIMP DM according to how it interacts with ordinary matter. Furthermore, it should be

ID
D Figure 2.3: WIMP DM searches: direct

searches at colliders (DS) -green arrow-,

direct detection (DD) by looking at the

recoiled nuclei due to elastic scattering

-blue arrow-, and indirect detection (ID)

SM by looking for signatures at the cosmic
rays -yellow arrow-.

DM SM

DD

DM

=
DS

stressed that this kind of particles are naturally predicted in many theories for physics
beyond the SM and that the well defined framework of quantum field theory allows us

to compute, in a simple way, their relic density. This list of possibilities makes a strong
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case for WIMPs, becoming perhaps the most appealing possibility among the long list
of DM candidates, and motivates the different experiments to keep looking for their

signatures.

2.1.1 Relic abundance

The evolution of the WIMPs abundance in the universe is described by the
Boltzmann equation, as it determines the evolution of the phase-space density f(z,p,t)
of a given particle species,

L[f] = C[f], VA))

where L is the Liouville operator, which gives the net rate of change in time of the

particle space density. In the context of a spatially homogeneous and isotropic universe,

it reads as )
_of pl” Of

A e

where the second term represents the dilution originated by the expansion of the

2.2)

universe. Here, the Hubble parameter H(7") in the radiation-dominated era is given

by
_ [87Gnp(T)
=[RS 2.3)

where Gy is the Newton constant of gravitation, a is the scale factor of the universe,

H(T) =

SIS

and p is the energy density of relativistic species, defined as

7I.2

p(T) = o Geit(T) T (2.4)

Here, the effective relativistic d.o.f. ges (see Sec. 2.11.1 for more details) are given by

T\ 7 T\
gei(T) =Y i <T> +32 Y. a <T> , (2.5)

i=bosons 1=fermions

where g; counts the spin states for all particles and antiparticles, with an additional
factor 7/8 for fermions due to the relative difference in Fermi and Bose statistics, being

gy = 2, for instance. We refer the reader to Ref. [54] for a pedagogic introduction to
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cosmology in the Early Universe. On the other hand, in the right-hand side (RHS) of
Eq. 2.1, we have the collision operator, which parametrizes the number of particles per
phase-space volume that are gained or lost per unit time under collision with other
particles. In order to describe the evolution of the WIMP DM number density, which in

thermal equilibrium is defined as

d3
npm — /anM = /f(E, T) (927_‘—)];, (2.6)

we will make use of the Boltzmann equation in Eq. 2.1. The previous equation assumes
that the g internal (spin) d.o.f. follow the same distribution f(E,T'), which is the known
Fermi-Dirac or Bose-Einstein distribution. For temperatures above the DM mass, those

distributions can be fairly approximated by

1

f(EaT):m,

2.7
with n = 0, i.e. a Maxwell-Boltzmann distribution. 3 Here s refers to the chemical
potential of the species. By integrating Eq. 2.1 over the particle momenta and summing

over the spin d.o.f., we get
T'LDM + 3H(T) npm = —<JU> (nDM 1MDM 2 — nfﬁw 1 nfﬁw 2) y (28)

where, for the collision operator, an annihilation of a pair of particles into another pair
has been assumed. The first term in brackets accounts for the depletion of WIMPs due
to annihilation, while the second term describes the creation of WIMPs from the inverse
reaction. Notice that the collision term is characterized by the thermal averaged WIMP
DM pair annihilation cross-section, (ov), and the square of its number density, which
comes from the WIMP pair annihilation and production. Besides the assumptions
we already adopted, one should further assume that the DM candidate remains in
kinetic equilibrium after decoupling and that the initial chemical potential of the species
considered is negligible (x = 0) to obtain Eq. 2.8. When the particle named under
label 2 is the antiparticle of the particle labeled by 1, the density of the species is

3In Eq. 2.7, n = 1 for Fermi-Dirac and np = —1 for Bose-Einsten distributions.
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npm = NpMm1 + "M 2- Since we are assuming that the chemical potential is negligible,

then npyv 1 = npum 2, and therefore
) 1 B
fipm + 3H (T) npw = = (ov) (ndy — (nim0)?) - 2.9)

The above equation describes the evolution of Dirac particles. However, if particles 1

and 2 are identical, then
fiom + 3H (T) nom = —(ov) (nhy — (nh)?) - (2.10)

with an extra factor of 2 in the RHS of the equation, contrary to the naive expectation.
Hereinafter, we will consider a Majorana WIMP DM candidate for convenience. Let
us write the above expression in a more compact way by introducing the number of
particles normalized to the total entropy density of the universe, Y = n/s. Since the

total entropy per comoving volume is constant,

sa® = constant = $a® +3saa=0 = §= —3Hs, (2.11)
ie. s is also diluted by the expansion of the universe. Therefore, Eq. 2.10 can be

rewritten in terms of Y as,
Y = —s{ov) (Y2 -Y2). (212)

Taking into account the relation between temperature and time, and introducing now

the variable © = Mpy /T, where T is the photon temperature, we can write Eq. 2.12 as

dY_ 1 ds

= o (- YY), 213

The entropy density, which is given as a function of the effective d.of. heg(T), is

defined as )
2

= heg(T)=—T73 2.14

S heff( ) 45 ’ ( )
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where (see Sec. 2.1.1.1 for more details)

T\° 7 T\’
het(T') = Z 9i <T> +§ Z gi <T> . (2.15)

i=bosons i=fermions

Computing the derivative of the energy density with respect to variable z,

ds ds dT 212 om 1 T dheg
oD o 3ha(T) T2 (14 - ¢
dr  dT dx (1) 75 :c2( 3 ot dT)
s 1 T dheg
= 32 (14— 2.1
3x<+3hefde>’ (216

the evolution equation for WIMPs in Eq. 2.13 can be simplified as

dy s 1 T dhy
cs - 2 Y2 —Y2 1 - S
do A o) < T 3 dT >
r dY £Q Y2 17T dheff
= = _ — —1 14+ -— H 2.17
= Yo do npa{ov) <YE% ) < + 3o dT )/ ; 217

where in the last row Y;q = npp,/s. By defining I" as the probability of annihilation per

unit time for a WIMP, i.e. I' = nfj};(ov), the Boltzmann equation reads as

Y \2 1 T dheg
— ) —1|(1+2= . 218
() 1| (5 e) e

As commented earlier, for x > 1, the WIMP pair production suffers from kinematical

rdy T
Yy, de H

suppression and the decoupling from the thermal bath begins. As a consequence,
the ratio Y/Y;, > 1. The factor I'/H controls the effectiveness of annihilations.
When H > T, the annihilation freezes out and Y becomes constant, ie it freezes
in: the species ceases to annihilate, it falls from equilibrium and a cosmological relic
abundance Y (x > xf) = Y,o(z¢) remains as a consequence. See the right panel from
Fig. 2.4 for an illustration. The temperature at which the decoupling occurs, usually

called freeze-out temperature 7, or xy from an equivalent perspective, is determined
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Figure 2.4: In the left panel, the difference between the expected and the observed
behaviour of the velocity curve of galaxies is shown. In the right panel, we show naively
the typical evolution of the WIMP DM number density in the early universe during the
time of freeze-out (image adapted from Ref. [54)).

approximately by the condition,
H(Ty) = I(Ty), (219)
just as we argued before.

2.1.1.1 Effective degrees of freedom and Ng

New light states with non-negligible interactions with the SM could be copiously
produced at high temperatures in the early universe. During the radiation era, they
would contribute to the total energy density of the universe and therefore modify
the predictions for the CMB. Therefore, the observation of the CMB with high angular
resolution, as well as other indirect methods, such as the measurement of the abundance
of light elements in the universe, can impose relevant bounds on the existence of these
light states. To see how those new d.o.f. can be constrained, let us have a closer look
to the previously introduced effective relativistic degrees of freedom. In the left panel
from Fig. 2.5 we show the calculation done in Ref. [55] for the effective d.o.f. of the
energy density, gei(7), and the entropy density, heg(7) introduced in Eq. 2.5 and 2.15
from the last subsection, respectively. We will assume all species have a common

temperature for most of the history of the universe, so that both heg(T") and geg(T)



28 2. Dark matter

1.15 -
110% /\ Time
e .
—
" » / — T ~m,
- ~ wn—] T l 3t 3"+
) / e (T) — T,
% // 3vp +3et 43¢ + v
o - T{MeV]

10° 10! 102 10% 10* 10°

Figure 2.5: On the left panel, the effective d.o.f. of the energy density, geg(7'), and the
entropy density, heg(7'), extracted from Ref. [55]. On the right panel, relativistic particles
contributing to the thermal bath according to the temperature of the universe.

will be approximated by the quantity g(7"). Considering also the hypothetical presence
of new d.o.f,, it would be given by

7
9(T) = gsm(T) + § gi+3 E gi- (2.20)
i=new i=new
bosons fermions

The validity of such approximation for most of the temperatures is also reflected in the
left panel of Fig. 2.5, taken from Ref [55].

Light species in a theory could be, for instance, RH neutrinos vg, as we will see
later in Chapter 5. In the scenarios in which the RH neutrinos are coupled to a new

gauge boson, they could thermalize and contribute to the energy density as follows,

p = Pyt Pyt pug
7 (T, \* 7 (T, \*
= 14+3x— =2 N, B e
(e () e E (52) )

7 TVL ! SM
= mll+gl 7 (Ngg' 4+ ANeg) | 2.21)

Y

*We note that in the calculation of gsm(T") one needs to take into account the QCD phase transition,
i.e. the threshold between quarks and hadrons as d.o.f.. This transition can be computed via lattice QCD,
as the authors of Ref [55] did.
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where ANt encodes any departure from the contribution of the LH neutrinos, and

reads as y
T 4 T;iec 3
ANyt = Ny, ( ”R> =N, (¢ ( L AN (2.22)
TVL g(Tz/;C)
In the above expression, N, refers to the number of relativistic RH neutrinos. In the

last equality we have used the conservation of comoving entropy in the plasma, which
also allows us to compute the T, /T’, temperature by considering the entropy injection
to the plasma caused by the electron - position annihilation. According to the change in
number of relativistic d.o.f., shown in the right panel of Fig. 2.5, comparing the entropy
per comoving volume before and after the electron - position annihilation, i.e. below

temperatures 7' ~ m,

1

S before ete™ _ S after eTe™ = T”L — <4> ’ . (2.23)
T’Y 11

For the active neutrinos we have TSEC ~ 2.3 MeV [56] and g(TSEC) = 43/4 (see
right panel from Fig. 2.5). For the prediction in the SM we will take the recent result
N3¥ =3.045 [57]. °

In order to predict the shift in the effective number of neutrino species, AN,
one needs to estimate the temperature at which the RH neutrinos decouple from the
plasma. The latter occurs when the interaction rate drops below the expansion rate of

the Universe, according to the decoupling condition from Eq. 2.19,
d _ d
D(Tyr) = H(T;:), (2.24)

where the Hubble expansion parameter, defined in Eq. 2.3, in this case particularizes to

3
/87TGN/) \/47r Gn (T) + 3 x g ngR> T2, (2.25)

SThe slightly departure from N5 = 3 can be understood by the fact that, for instance, neutrino
decoupling is not fully complete when the electron - position annihilate, and that there are finite
temperature QED corrections that should be considered, among other issues.
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where g,,, = 2 is the number of spin states of the RH neutrinos. On the other hand, we
assume that the neutrinos remain in thermal equilibrium with the SM via the following

interaction rate:
Lup(T) = nup(T)o(Frvr — ff)v) (2.26)

ER d3p Bk
B ni(T)/(QWI)DSfVR(p)/nyR(k)O'f(s)v7

where the Fermi-Dirac distribution has been used to determine the number density of

particles in a fermion gas at the thermal equilibrium. According to Eq. 2.7, f, is given
by,
fon (k) = (e®=m/T L 1)=1 2.27)

where the chemical potential p can be ignored since the particles in the gas are
relativistic, s = 2pk (1 — cosf) where p and k are the momenta of the interacting
relativistic particles and 6 is the angle between them. For a massless RH neutrino,

M (T) = gug / ﬁfy (k) = 5€ BT, (2.28)

(2m)3 7 272

The measurement of the effective number of neutrino species can be used to constrain
theories that have additional light particles that interact with the SM, see for example
Refs. [58-68], including RH neutrinos coupled to a Z’ and light thermal DM candidates.
Axion-like particles that thermalize in the early Universe can also contribute to the value
of Neg [69-72]. We will use the above results to constrain theories where the lepton

number is a local symmetry in Chapter 5.

2.1.1.2 Freeze out temperature

In order to compute the temperature at which the annihilation of our species freezes
out, first we need to define what do we mean by that. We will adopt the criterium that
a certain species decouples from the plasma when its number density departs from the

equilibrium by an order of magnitude relative to the value at thermal equilibrium, i.e.

A=Y — Yy =Y, (2.29)
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where § ~ O(1) parameter. Eq. 2.29 describes then the freeze-out condition. Since
the later is accomplished, we will say that our species has decoupled from the thermal
bath and that, consecuently, it is not in thermal equilibrium with the rest of particles
anymore. As time passes or, in other words, temperature drops, A becomes larger (see
right panel from Fig. 2.4). Tt is convenient to express the WIMP evolution equation 2.13

as a function of the departure parameter A =Y — Y5, ie.

Vs
dz ’

dA _ <45G> —i/2 gi/QMDM

e - o~ (o) A(A +2Yy,) —

(2.30)

where we have encapsulated all the dependence on the relativistic d.o.f. in the parameter
1/2
g+, defined as

ey = ) (LT dhlD)), 230
P\ B a
By assuming that we are at the freeze out regime (A = 6 Y,),
Taking into account that the equilibrium density Yz, is given by
_ 4592 Ka(e) 233)

4t heg(T)

where Ks(z) is the second kind of the modified Bessel functions, we obtain the

left-hand side of Eq. 2.32 by differentiating the above expression with respect to x,

dY, 459 1 < d B 22K (z) dheg(T) dT

(2 al

Now, from the recursion relations of the modified Bessel functions,

d
%(x”Kn(:v)) = —a"K,_1(), (2.35)
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we have

dx Ky(z) « dnT
and hence, plugging the above result in Eq. 2.32, we get

T 12 45 g Ko(z) 0(6+2)  (Ki(z) 1dlnhe(T)
Visad Mol e 51\ K@) o dnr ) %3

The above equation allows for the determination of the freeze-out temperature of the
species under consideration as a function of the choice made for the decoupling
condition in Eq. 2.29, ie the value of . Some approximations can be adopted to
further simplify Eq. 2.37: (a) One can neglect the variations in the entropy density, and
assuming that ¢(7T") & geg(T') = heg(T') as we commented in the subsection 2.1.1.1, we
can simplify gi/ 2 (T') in Eq. 2.31 as follows,

g2 (T) =~ g"(T), (2.38)

where g(T') is defined in Eq. 2.20. (b) one can consider that we are in the non-relativistic

limit = > 1, where the modified Bessel functions asymptotically behave as

T 1/2
KQ(IL') ~ Kl(l‘) ~ (2_:13]0) e .

In the context of the above assumptions, the freeze-out temperature reads as

1/2
S [( 45 ) g My Mpy(ov) 5(5 +2) 239

2.1.1.3 Relic density

The relic density is defined as the ratio of the actual density of particles of a certain
species and the critical density p., which is the density corresponding to a flat universe,
p _ Mpus(To) Y (To)

0= = 2.40
Pe 3H?2/87G (240)
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where Ty refers to the temperature of the universe today, ie. Ty = 6 x 2.7255 K,
and H = h x 100 km Mpc's~!. Here h and @ parametrize any possible deviation
from the chosen values. Unfortunately, there is no closed-form analytic solution to
the Boltzmann equation. One should solve numerically Eq. 2.13 to compute the entropy
normalized density Y (7p) at the current temperature, as codes such as MicrOMEGAs [73]

facilitate. In this context,

2w2\ (887G (2.7255)3 X3
Q2073 = | = ) [ == | hes (Tt Y (T
(45) <3H2) e (10) 104(Mpc~!s—1km)2 (To)

Mpm
Y ('T;
oV (To),

(2.41)
~ 27707 x 10%

where heg(Th) = 3.9387 (and Ty = 2.7255 K) [74]. However, there are alternatives
to deal with Eq. 2.13: analytical approximations can be obtained by exploiting the
freeze-out regime of the DM. We can distinguish between two phases, being the
threshold at the temperature at which the species decouples from the thermal bath.
In this regime, the density of the particles in the plasma drops out exponentially so that
it can be neglected in front of the density of the decoupled particles, which travel in
a transparent universe and do not feel interactions anymore. Therefore, neglecting Y;,

from Eq. 2.13 and integrating from z ¢ to z(7j) ~ oo,

1 1/2
1 1 45G\ 2 *° Gt
- = M, € 242
Yo Vi) +< - ) DM/xf 2 (ov)dz, (2.42)

what allowed us to solve analytically the differential equation. Neglecting 1/Y (7’) in
front of 1/Y (1), we end up with

-1

! o 200
Y(Ty) = (457?) Mpwm / M@mm . (2.43)
Tf
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The (owv) is a function of = Mpy /T and, according to Ref. [75], it can be computed

as

(ov) = — 2 /400 o(s — AMZ,) Vs K <L‘/§> ds. (2.44)

- 8Mpy K3 (%) Jangz, DM

The above equation then shows that the larger the annihilation cross-section of the DM

candidate, the smaller the relic abundance, since naively

1
{ov)

Oh? (2.45)

2.1.1.4 Fermionic DM Annihilation channels

In the previous section we saw that the annihilation cross-section of the DM into the
SM content is a key element in determining the DM contribution to the relic abundance,
as Eq. 2.44 brings out. Among the different kind of WIMP DM candidates, i.e. fermionic
or bosonic DM, we will focus on the former for convenience. 8 In this section we will
classify all tree-level s-channel annihilation diagrams according to their behaviour. 7
This classification, aside from providing a guide on how the different type of channels
contribute to the relic density, will be also useful when studying DM annihilation into
gamma lines.

Let us consider the two possible fermionic DM annihilation channels that are
expected to appear in extensions of the SM, with the most general kind of vertex,
as illustrated in Fig. 2.6. In there, the double line represents either a fermion or a boson

SM current.

e Scalar fermion current: Xy Jsy/ A@) [o]

For the interaction mediated by a scalar boson, shown in diagram (a), let us focus
on the DM current, whose contribution to the amplitude of the interaction can

be written as,

X(p2)x(p1) = Tr(p2)us(p1), (2.46)

%In Chapters 4 and 5 we will study a fermionic DM candidate in the context of motivated extensions of
the SM with gauged lepton or / and baryon number.
"We refer the reader to Ref. [76] for a complete classification with both bosonic and fermionic DM.
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Figure 2.6: Fermionic DM annihilation to a SM current (double line) mediated by a scalar
boson (a) and a vector boson (b). The orange, purple, cyan and red represent the scalar,
pseudoscalar, vector and axial vertices, respectively.

where us (v,) are four spinors in the chiral representation for a particle

(antiparticle) with helicity s (), and are given by

u = o an v = WW
s(p) ( ﬁvp.&g), d  or(p) (_ Jﬁm)’ (2.47)

where & and 7, are two basis of two-component spinors, 0 = (I,0;) and
g = (I, —o;), being o; the Pauli matrices. For the square root of a matrix we
take the positive root of each eigenvalue. Taking into account that, in the center

of mass frame p; = —p5, we have

Ur(p2)us(p1) = Ui (p2)ous(p1)

(i i) () 3] (Vo)

vV P1 '655

(svirs ol y5io) (*/27 )
T v

= ni(p1-T —p1-0)Es = —2p) - FlEs, (2.48)

where we have used that the gamma matrices in the chiral representation read as

0 I 0 o d L0 )
= 5 T = 5 an = . .
= o) T L, o 75 0 I
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Since |pi| o vy, in the non-relativistic limit the amplitude for any process where
a DM fermion candidate has a scalar coupling to the mediator will be velocity
suppressed, regardless on the scalar current to which it annihilates.

¢ Pseudoscalar fermion current: X5 Jsm /A(2) [e]

On the other hand, a pseudo-scalar interaction, also shown in diagram (a), can be

expressed as:

Up(p2)vsus(p) = vl(p2)y0vsus(p1)

- e (1) (3 2)(2%)

V1 0Es
— gt (Vi —urs) [ VPO

it (Ve o —ymo) (_ p1.055>
= ni(p1-T+p1-0)s = 2B niEs ~ 2Mpyni&s, (2.50)

where in the last term the non-relativistic limit has been assumed.

Focusing now on the interaction mediated by a vector boson, the interactions can

be vector or/and axial, as diagram (b) shows.

¢ Vector fermion current: XVuX [*]

The vector DM current is given by U, (p2)7y,us(p1), and we will split the current
according to the Lorentz indices. For y = 0,

T (F2)rous (1) = vH(B2) 75 us(@1) = vl (=F1)us(Br) =0, (25D
I

which is a general result for a vector current, regardless of the speed of the DM.

Now, taking into account p = i, where ¢ = 1...3, the fermion current gives

Ty (p2)vius(pl) = vi(p2)v0vius(pr)
_ + t _\ (0 I 0 o /D1 0&s
= (hvme —nivis) (H 0) (—ai 0) <W>
= (\/p1-Goi/p1 0+ /P1 00 \/p1 T )nEs (2.52)
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In the non-relativistic limit, £ \/ 1+ ﬁ J Z\/ 1F % ~ Eo;+ O(v}), and hence,

E«(ﬁg)'yiu(ﬁl) ~ 2MDM T}IO’iés + O(’Ui) (2.53)

* Axial fermion current: X, 75X [*]

For the axial current we have,

Ty (Po) v v5us(p1) = vl (p2) V3 vsus(p1)
= —(\/p1-0\D1 0+ /D1 0N/ P10)nEs
= —2Mpuni& + O(v), (2.54)

where we have proceeded as in the previous scenarios and applied in the last row
the non-relativistic limit of the DM field. For the axial interaction we do have a
contribution in the longitudinal mode and it is not velocity suppressed. However,

for the transverse modes ;= 1...3,

ol (p2)yoyivsus(p1) = (x/p1 Toi\/P1 - 0—/D1 - 00i\/D1 - 0)
~ 0+ 0®). (2.55)

It is remarkable the opposite behaviour of the vector and axial currents for

non-relativistic fields.

Unlike the scalar interactions (diagram a) are independent of the annexed SM current,
in the context of vector interactions the annexed current does matter since the gauge
boson connects the polarizations from both currents. If the annexed current is fermionic
and vectorial, the axial annihilation cross-section is suppressed by the velocity of the

DM. No suppression is expected from the rest of combinations. In summary,

X V external current X

...... . x vy xvl, (2.56)
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where the vertices follow the code color introduced in Fig. 2.6, and the double line
indicates any SM current able to couple to a gauge boson. In Table 2.1 we collect the

results obtained so far.

DM/ SM bilinear « ¢'1G[f1f] ol 5o [frsfl o fA*f o fy'sf
xIx (ov) ~o3[v7]  (ow) ~ v3[vf] x X
* XT5X (ov) ~ 1]1] (ov) ~1[1] x x

* XVuX (ov) ~1[x]  (ov) ~1[x]  (ov)~1 (ov)~1

* XVu5X (ov) ~1[x]  (ov) ~1[x]  (ov) ~v} (ov) ~1

Table 2.1: Classification of the annihilation of fermionic DM (x) into a SM current
according to their nature: whether they are or not velocity suppressed. In the first
column, the DM bilinears are listed, while the SM bilinears are located in the first row.
The symbol x indicates that the interaction cannot occur.

2.1.2 Detecting WIMPs

The unexpected and striking connection between the observed relic abundance in
the universe (cosmology) and the hypothetical abundance that would be produced by
a WIMP at the EW scale (particle physics) has encouraged the scientific community
to search thoroughly for these candidates. In the last decade, enormous experimental
effort has been put on building the devices and working on the techniques needed to
catch any possible track of WIMPs. In this section, the main approaches are briefly

reviewed.

2.1.2.1 Direct detection

If WIMPs exist, they could be filling the halo of the Milky Way. Consequently,
there should be numerous WIMPs crossing the surface of the Earth that could interact
to ordinary matter and a non-zero elastic scattering with nuclei would be reasonably
expected. Although the rate of the interaction can be very weak, WIMPs could be directly

detected by looking at the nuclear recoil generated after the elastic scattering [77].
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The rate of events will be given naively by R o npyv o(v)/Mpy, where npy is the
number density of the DM, i.e. npy = po/Mpwm, being pg the local density of WIMPs
(near the Earth), (v) the average velocity of the WIMP relative to the target, and My
the nucleus mass.

In reality, we do not know how WIMPs are distributed in our galaxy. However,
we can assume that they follow an isotropic isothermal sphere with a given
three-dimensional velocity distribution f(v) normalized to the unity. Hence, more

accurately,

dR P20 /Umax do(v)
_——= . 2-
dE = Mowdiy ), T ag @57

One must integrate over all possible velocities and possible deposited energies to obtain
the total rate, i.e.
> dR

R= [ Z_dE. (2.58)
5y dE

Note that, although theoretically the velocity could run up to infinity, in reality it is
bounded from above since the DM will escape from the gravitational potential of the
galaxy at a certain speed. Regarding the energy range, one should take into account the
energy threshold Fr in the detector resolution and the maximum energy that can be

deposited, which corresponds to 8* = 7 in the following expression

g 1@ _ g’

- 2My My

(1 —cos ), (2.59)

that quantifies the energy transferred to the nucleus, being ¢ the momentum transfer,
0* the scattering angle, and p = MpuyMpy/(Mpm + My) the reduced mass for the
DM-nucleus system. We note that the lower the mass of the DM, the smaller the energy
deposited. Detectors cannot be sensitive to an arbitrarily low mass for the WIMP since
their resolution is limited. On the other hand, they become less sensitive when higher
DM masses are considered because, although the energy deposited in the nuclei is
bigger, WIMPs are more diluted (the number density drops linearly with the DM mass)
so that the scattering becomes less probable. See Fig. 2.7 for a naive illustration of the

detector limits.
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Figure 2.7: Sketch about the sensitivity
of DD experiments (logarithmic scale).
4 The red shaded area represents

the parameter space that the DD

\'% T experiments can access. The lower
3 It B mass regime of the DM candidate

> Eq N\ suffers from the energy threshold Er
| fhrechold R« Nome = §L of the detector, below which they are
in :"Ie::’f? wup  insensitive to the recoil generated by

+he ok feclor MM,y = V) R WIMPs-nuclei scattering. On the other

=t hand, the higher the mass of the

> DM, the smaller the ratio of events

MDM since the number of events drops

proportionally to the DM mass.

Generally, DD experiments assume that the DM is distributed in an isotropic
and isothermal sphere with a Maxwellian velocity distribution. Most of experimental
collaborations automatically provide the bounds on the number of events translated
to the DM-nuclei cross-section. In that process, they assume that the cross-section is
dominated by a velocity independent term. The later will be discussed in more detail in
Chapter 4.

Let us focus now on the heart of the elastic scattering: the corresponding

cross-section. It will be determined by the concrete theory beyond the SM containing

1
nucleons quarks
1

Aqep Anp Energy

Figure 2.8: Hierarchies of energy scales entering in the EFT approach to DM-nucleon
scattering.

the WIMP. In a very generic way, we can consider all possible interactions between the

DM candidate and the quarks composing the nucleon from an EFT perspective. There
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are two steps that we should mind in the EFT approach, shown in the equation below,
Lip — Lbp — LoD, (2.60)

according to the energy scales shown in Fig. 2.8. First, we should take into account
the microscopic interactions at the quark level (£{), i.e. DM interacting with quarks.
Then, we should consider the interactions at the nucleon level (L[j;), by connecting
partons and nucleons via the corresponding matrix elements. Finally, the sum of the
nucleon-level interactions should be considered in order to obtain the final nucleus-level
scattering (£)},). The spin and scalar components of the nucleons must be added
coherently. In the last step, the scattering cross-sections can be differentiated in two

groups:

e Spin dependent: those that involve a 5 in the quark current will probe the
up, down, and strange contributions to the spin of the nucleus. They add to the
nucleus-level operator like

(Sp)

oy = <JN Op +

(Sn)
JNn

On> (N ), (2.61)

where Jy is the spin of the nucleus, and S}, and \S,, are the total spin operators
for protons and neutrons in the target nucleus we are considering. In brackets

(---) the corresponding expectation value.

* Spin independent: those that involve scalar and vector quark currents in their
interactions will not be sensitive to the spin of the nucleus, but to its mass
or charge. The nucleon-level interactions add coherently to the nucleus-level
operator as follows, where A and Z are the mass and atomic numbers of the

nucleon,

ON = ZO, + (A — Z)O,. (2.62)
The WIMP-nucleus scattering cross-section can be therefore parametrized as

do M
Fiob ﬁ(USI(U)FSQI(E) + osp(v) Fip(E)), (2.63)
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where og;,sp account for the contribution from the spin independent and spin
dependent parts, respectively, and the form factors Fg(q) and Fsp(g) account for
the loss of coherence that the de Broglie wavelength of WIMPs suffers at higher q.
In Table 2.2 we show, in a similar manner as we did in Table 2.1 for the annihilation
possibilities of the DM, how the different interactions classify under the elastic scattering
with nuclei according to their behaviour. We refer the reader to Ref. [76] for a detailed
derivation of the results shown in Table 2.2, which can be obtained analogously as we

procedeed in the last subsection.

DM / SM bilinear « fI1f o frysf o fyhf o fytasf
xIx osi~1 osp~ g X X
® XV5X osi~q* osp~qt X X

* XTuX X X os~1 osp~v?

® XVuV5X X X og ~v2  ogp~ 1

Table 2.2: Classification of the scattering of fermionic DM with a SM fermion current
according to their nature. In the first column, the DM bilinears are listed, while the SM
bilinears are located in the first row. Table adapted from Ref. [76].

Detectors should count for a very low rate of events: they must be capable to
discriminate the background in an extremely precise way, they should be either very
large or take very long counting times in order to increase their sensitivity; last
but not least, they are expected to enjoy a sophisticated shielding to protect the
interesting signals from external noise caused by near events (that is why they are
mostly based deep underground) and also its potentially own radiation. Examples of
DD experiments are, for instance, LUX [78], DarkSide-50 [79] or PandaX-II [80], and
others under construction, for instance, XENON-nT [81]. Nowadays, XENON-IT [82]
leads with the strongest available constraints, as Fig. 2.9 shows. In there, current
bounds on spin-independent DD cross-section are recopiled. 8 Note that they are

already close to the so-called neutrino floor, i.e. the irreducible background from

8The spin-dependent bounds are, in general, weaker, because such cross-sections depend on the spin
of the nucleon, which are quantities that are still not well determined either theoretically or experimentally,
so that there are additional uncertainties involved [85].
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Figure 2.9: Current experimental parameter space for spin-independent WIMP-nucleon
cross-sections. Not all published results are shown. The space above the lines is
excluded at a 90% confidence level. The dashed line limiting the parameter space from
below represents the neutrino floor [83] from the irreducible background from coherent
neutrino-nucleus scattering. Image extracted from the recent Ref. [84].

coherent neutrino-nucleus scattering, below which the DD experiments become neutrino
detectors [83]. We close this subsection by referring the reader to the nice review in
Ref. [85] about direct detection of DM.

2.1.2.2 Gamma lines

Unfortunately, the current DM direct detection bounds tell us that the experimental
sensitivity is close to reach the so-called neutrino floor, making more difficult to detect
DM in DD experiments. However, there are indirect ways through which DM could
be detected: we can look for its annihilation products. For instance, we can hope to

discover gamma lines, very striking and almost background free signals generated by
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the DM annihilation into gamma rays, i.e.
DM gl

DM DM — ~v, vZ, vh, . (2.64)

DM v, Z, h

In this section we discuss the predictions for gamma lines from DM annihilation in

models where the SM is extended by a new abelian force,

We will assume that the SM fermions are charged under the new force, and that they
interact vectorially with the new gauge mediator Z’. The force will be considered abelian
for convenience, which could be, for instance, local baryon (B) or lepton (L) number,
or linear combinations of them such as B-L.

The fact that no signal has been seen in current DM experiments may be reenforcing
the idea that DM does not couple directly to the SM fields, i.e. that it lives in a Hidden
sector. The definition of Hidden sector encompasses a new set of fields, including a DM
candidate, whose connection to the SM sector is defined mainly by a new gauge force:

The observation of gamma lines depends mainly on two factors:

 The annihilation cross-section must be large (and of course non-zero) in order to

see a signal at gamma ray telescopes.

e The continuum spectrum generated by other physical processes must be

suppressed in order for the gamma line to be distinguishable.

The first condition implies that the theory must be able to predict gamma-lines which
are not further suppressed than their already intrinsic 1-loop suppression, while the
second condition tells us that the background processes must be weaker than the
gamma line, otherwise the signal would be masked by the continuum spectrum of
emitted photons as the naive illustration in Fig. 2.10 shows.

According to Diag. 2.64, the gamma line production is a quantum mechanical

process where electrically-charged fields are expected to participate. In the center of
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Figure 2.10: In order to detect
gamma lines, since they are quantum
mechanical processes, we need large
cross-sections for the DM DM — -+,
~vZ, ~vh (left panel), and suppressed
FSR processes, otherwise, as the right
panel shows, the gamma line will not
be distinguished from the continuum.
Figure extracted from Ref. [86].

Flux
Flux

E. /Mpn E. /Mpwm

mass frame, kinematics tells us that the energy of the gamma lines is given by

2

M:
E;y = MDM <1 — 4]\4:%1\/[) , where Mi = 0, Mz, Mh, (2.65)

for the DM DM — ~~, vZ, vh annihilation channels, respectively. Therefore, the
observation of a gamma line would allow the determination of the DM mass. However,

in a given model, there might be final state radiation (FSR) processes such as

DM f

DM DM — SM SM 7, (2.66)
DM f
where a photon is emitted from one of the SM fermions coming from the DM

annihilation. These processes may spoil the visibility of the gamma lines. The maximal

energy of the photon in the FSR processes is given by

M2

Efax = Mpum <1 - MSM > : (2.67)
DM

where Mgy is the mass of a SM electrically-charged field. We note that those are, in

general, tree level processes and, therefore, they are excepted to rise above the gamma

lines since the later suffer from loop suppression. Thus, when Mpy > Mgy the

visibility of the gamma line is spoiled if the FSR processes are not suppressed because
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Elox ~ EZ Therefore, the relevance of the FSR with respect to the gamma lines will
be crucial in determining whether those can be observed or not.
Let us focus in more detail on the spectrum from the gamma lines and the

continuum generated by FSR processes. The flux for the gamma lines is given by

d®,  ny,  d(oVe)
dE, 8mM2y dE,

Ty <0Urel> dN

Jamn =
T 8w MR, dE,

Jann, (2.68)

where, in the last equality, the narrow width approximation has been applied. Here, n,
is a multiplicity factor, n, = 2 (= 1) for the vy (vZ) annihilation channel. In order
to compute the total flux, we include the cross-sections of both gamma lines and FSR
processes. The J-factor, Juu,, encodes all astrophysical assumptions made regarding
the DM distribution. For the gamma line studies we will present in Chapter 4, we will
use the value Jon, = 13.9 x 1022 GeV2em—® [87,88] for the numerical analysis, which
is the J-factor used by Fermi-LAT for the R3 region-of-interest. The spectrum function
is given by

dN o°
T / dEo Wenal G(E’Ya g/wa EO)a (2.69)
dEy 0

where Wiy is Wy = 6(Eo — Mpm) for the annihilation into two photons and

1 AMpyM 7T 7

Wy =~ ,
77T T (AM2y — AMpyEo — M2)2 + T4 M2

(2.70)

for the Z~ line. Here, we use a Gaussian function to model the detector resolution,
G(E,,{/w, Ey), which reads as

1 7(E’£_EO)2
G(E.,¢/w, Fy) = ————e P0E/7 2.7
? V21 Ey(§/w)
where £ is the energy resolution and w = 24/2log2 = 2.35 determines the full width

at half maximum, with the standard deviation given by oy = Eo&/w.
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On the other hand, the DM DM —  f f processes are described by a three-body

phase space, so that the cross-section is given by

d2<avrel> _
dE,dE; 3

1
53 |IM|ig 0(1 — cos® 0;,). 2.72)

To compute the continuum spectrum of the FSR processes, given by the first equality
in Eq. 2.68, one needs to integrate the differential cross-section with respect to the
final energy of the photon Ey, whose kinematic range is determined by the condition

cos? Opy <1, ie.

My
E. — Mpm)Mpy

E E
EF = Mpy — —L £ —14/1 2.73
¥ DM~ 5 + ( (2.73)
Whether they can be distinguished from the continuum spectrum will depend on
the features of the model, as well as the nature of the DM candidate. Let us first study
the different possibilities for the nature of the DM candidate regarding its possibility to

predict visible gamma lines:

e Scalar dark matter.

In the scenario where the DM is spinless, ¢, the Higgs portal term ¢f¢HTH,
where H represents the SM Higgs doublet, is an unavoidable connection to the
SM content. Therefore, the annihilation into two SM fermions mediated by a

scalar is, in general, not suppressed, nor are the FSR processes in this context.

Hence,
GL FSR
DM “~ ,y DM N f
\\ 1 Ta .
~ O( —_— ~~
&'.--- (167T)2 ".---
DM +°” v, Z, h DM -* 7

Since the FSR processes are tree level amplitudes whereas the gamma lines occur

at the quantum level, the visibility of the gamma line is, in general, spoiled. In the
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case the mediator between the DM and the SM sector is a gauge force, the DM
annihilation into a couple of SM fermions is also velocity suppressed because the
coupling of the gauge boson with the DM is proportional to the DM momentum.

Consequently, the annihilation into gamma lines is also velocity suppressed.

Hence, in the simplest DM scenario with scalar DM, it is imposible to distinguish
the gamma lines from the continuum spectrum. For the study of gamma lines in
scalar DM models see Refs. [89-92].

Fermionic dark matter. In the context of a fermionic DM candidate, in
general, the Higgses present in the theory can mediate these processes, but these
contributions are not relevant for the study of gamma-lines because they are
both velocity and loop suppressed and, therefore, neglectable (see discussion in
Sec. 2.1.14). In the following, we will only consider the cases mediated by the new
vector boson. Focusing on the annihilation mediated by a gauge boson, let us

distinguish between the Dirac and the Majorana nature of the DM candidate.

For a Dirac DM candidate (), the FSR processes, WW — f f~, are not suppressed
and, generally, the gamma lines generated by the DM annihilation cannot be
distinguished from the continuum spectrum. See Refs. [93,94] for the predictions

of gamma lines in models for Dirac DM.

For a Majorana DM candidate, however, one has the peculiarity that it couples
to the gauge boson solely in an axial way. In this case, the squared amplitude of

the FSR process reads as
M
| M|y = LA+ ®B+ O(vh), (2.79)

which tells us that the contribution from the FSR processes is suppressed either by
the mass of the Z’ or the velocity of the DM candidate. The later is a consequence
of the axial-vector suppression of the interaction in the non-relativistic limit of the
DM (see Subsec. 2.1.1.4). See Appendix B for the explicit form of the coefficients

A and B in the above equation.
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If the theory allows, on the other hand, for non-suppressed amplitudes relevant
for the gamma lines we could hope to observe them since, in this case, they could
be distinguished from the continuum spectrum. For the study of the gamma lines
in models with a Majorana DM candidate see Refs. [95-99].

See also Refs. [100,101] for the study of gamma lines in other DM models.

Taking into account the two conditions that should be satisfied in order to observe
gamma lines, let us figure out which are the ingredients that a certain theory should
enjoy in order to predict visible gamma lines. For that we will assume a general

Lagrangian with the relevant interactions for our discussion,
LS g X" sxZl + g FnfAr + 0y ) F 20+ fy (gl + ghs) f 2, @275)

where ¢’ is the gauge coupling associated to the new force, and f are the
electrically-charged fermions participating in the loop from Diag. 2.64. The couplings
n{/ /A refer to the interactions between the new mediator and any electrically-charged
fermion, f, of the theory; whereas the couplings g‘]; /4 barametrize how these fermions
interact with the SM Z boson. The subindex V' and A refer to the vector and axial
interactions of the gauge boson with fermions, respectively. Note that we are assuming
a theory where the connection between the DM candidate and the rest of the fermions

occurs through the mediator of the new force Z’, as the following diagram illustrates:

Z/
| Fermions | (276)

Regarding the possible amplitudes relevant for the gamma lines: °

e DM DM — ~~v

Quantum Electrodynamics (QED) is a vector force: electrically-charged fields
couple vectorially as indicated in the left diagram in Diag. 2.77. Since charge
conjugation is a symmetry of QED, amplitudes with an odd number of vector

currents will be zero. Therefore, we will only expect a non-zero gamma line if

9The complete analytical expressions for the cross-sections are relegated to Appendix B.
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there are electrically-charged fields that couples axially to the new gauge mediator

in the matter sector.

X

.77
e DMDM — vZ

In this case, the Z boson admits both vector and axial couplings to charged
fermions. Charge conjugation tells us that the only combinations allowed are the
ones shown in the right diagram from Diag. 2.77, where an even number of vector
currents participate, i.e. combinations of n{/gf; or nﬁg{;. Looking in more detail

at the analytic expression for the cross-section,

2

o(xx =7 2) o< |>_ NLQs(nd gh + nligl.(2MFCE +1))| . @78
7

we find that the contribution of the vector coupling does not depend on the
fermion mass, while the axial contribution does. Notice that the amplitude
f

containing the nj, term is proportional to

A x Z chan{/gfl, (2.79)
f

which is zero for any well defined theory (ensured by anomaly cancellation, see
Chapter 3 for more details). Therefore, only the axial coupling ”,{1 will contribute

to the amplitude.

¢ DM DM — ~h
f

In this case, symmetries tell us again that the vector coupling nj, is the only
non-zero contribution. However, the effective vertex is vectorial and, therefore,

from what we discussed in the Subsec. 2.1.1.4 (see Tab. 2.1), is velocity suppressed.
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Above we have shown that there are certain conditions under which we can have
striking predictions of non-suppressed gamma lines for Majorana DM candidates in the
context of gauge theories. We note that, on the other hand, the DM-nucleon elastic
scattering is also velocity suppressed. Therefore, direct searches will be, in general,
suppressed and close or below the neutrino floor limit. In Table 2.3, we collect the
different combinations of couplings which can lead to non-zero contributions to gamma

lines.

Gamma Lines Yy Zy hy

Couplings nf; M, n£ . g{i n{/

Table 2.3: Combination of couplings which generates a non-zero effective vertex relevant
for the different gamma lines.

We would like to emphasize that, for any vector mediator connecting the fermionic dark
sector with the fermions of the theory, only the theories that accommodate fermions
that couple axially to the new gauge boson will be relevant for detection of gamma
lines, as summarized in Table 2.3. This result has dramatic consequences for anomaly
free theories such as U(1)p_1, or U(1)p_31, (with the addition of 3 RH neutrinos), or
U(1)L;-L,, in which the mediator only couples vectorially to the fermions of the theory

and, therefore, no relevant gamma line for indirect searches is expected in their context.

2.2 Axions

Axions are pseudoscalar particles highly non-thermally produced that can play the
role of DM. They are the pseudo-Nambu Goldstone bosons (GBs) of a global abelian
group, whose symmetry is respected at the classical level but it is broken at the quantum
level by the chiral color anomaly. Axions were proposed at the end of the 70s as an
elegant solution to the so-called Strong CP problem. In this chapter, we describe
the aforementioned topics following a historical introduction: we will first introduce
the strong CP problem, whose heart is the U(1)4 anomaly. Then, we introduce the
Peccei-Quinn symmetry as a solution to it, and the axion as its consequence, followed

by a brief review on the types of models where the Peccei-Quinn mechanism can be
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implemented. At the end, we will explain how axions can play the role of a DM

candidate and different experimental approaches to detect them.

2.21 The U(1)4 anomaly

Axions arise as a solution to the strong CP problem, which is originated by the
chiral U(1) 4 anomaly, where A refers to axial. Let us start from the heart of the strong
CP problem, which is deeply related to the well-known U(1) problem [102-104]. In
the massless limit of quarks, the QCD Lagrangian with three flavours (u,d,s) enjoys the
following global symmetries: U(3), @ U(3)r = SU3)L @ SUB)r@U(1)p®@U(1)a4,
where the vector U(1)p can be identified with the accidental baryon number (see
Chapter 3). When the quarks condensate, i.e. (gq) # 0, the axial symmetries are
broken and, according to the Goldstone Theorem, 8 + 1 GBs are expected. Actually,
they are pseudo-GBs since the axial symmetries were already slightly broken explicitly
by the quark masses at the level of the Lagrangian. Experimentally, an octet of light
pseudoscalars was found, confirming the theoretical expectations. However, the ninth
pseudo-GB, 1’ has quite larger mass than the octet, manifesting a conflict between
theory and experiment. The solution to this apparent contradiction, known as the
U(1) problem, relies on the fact that U(1)4 has never been a good symmetry of
the Lagrangian, although classically it totally fakes it. In order to understand why
U(1)4 is anomalous, we will draw on the path integral formalism, following the method
introduced by Kazuo Fujikawa at the end of the 70s [105,106].

Let us assume without loss of generality a single generation of Dirac fermions
¥ = ¥, + Up. For a general complex Yukawa coupling, the following interaction in

the Yukawa Lagrangian generates the mass for a given fermion in the broken phase,
LD iV, " — UMY, (2.80)

where M is a real parameter that defines the mass of the fermion and the angle 6y
encodes the imaginary phase of the Yukawa coupling. Such phase violates CP; however,
it can be easily absorbed by a redefinition of the fields performing the following chiral
rotation:

NG U(—lgA By, so that U U(—lgA Wl (2.81)
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By taking o = 0y /2, the Yukawa complex phase #y can be removed from the Yukawa
classical Lagrangian in Eq. 2.80 so that one expects the strong interactions to preserve
CP. Indeed, this is what has been observed experimentally so far and if the above was
true for all kind of gauge theories, probably the axions would had never been born.
However, as we will show in the following, the U(1)4 symmetry is not respected at
the quantum level and an extra term in the Lagrangian is induced when performing
such transformation. Let us assume an infinitesimal local chiral rotation parametrized

by a(x), so that the Lagrangian in Eq. 2.80 transforms as,
L U(—IQA L — 0o Uty — 2 Me'Y s U 4+ O(a?). (2.82)
Integrating by parts, one can rewrite the variation of the Lagrangian as follows,
0L = adyJh — 2iaMeY WU + 9, (o Uylays ) + O(a?), (2.83)

where J4 = Uv,75V, and the last term is a total derivative which, in principle, we
would not expect that contributes to the variation of the action. From the above it
seems that in the limit of massless fermions, i.e. M — 0, the axial current is conserved:
the U(1) 4 symmetry would be a good symmetry of the classical action and, therefore,
one would naturally expect 9,,.J% = 0. Let us see what happens at the quantum level.

All physical things we may aim to measure are correlation functions, which are
generated by taking derivatives with respect the sources of the following functional,

called the generating functional,
Z = / DUDUDA,, e+ | Loourees (2.84)

where we have considered also the possibility that the fermions ¥ are charged under
some gauge force mediated by A,. The key point here is that an axial transformation,
unlike the vector one, does not leave the measure invariant; the Jacobian transforms in
a non-trivial way. To see that, let us start expanding the fermion fields in the spinor

basis:

U =>"anén, and U=> ¢lbn, (2.85)
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where a,, and b, are Grassmann variables and carry the anticommuting behaviour of

the fermions. The spinors ¢,, and QSIL are the eigenfunctions of the hermitian operator
(ip):
(iD)pn = Andn,  and  @L(iD) = Ao, (2.86)

Hence, by the spectral theorem, these eigenfunctions are orthogonal, i.e.

O (2) b (y) = S 6(z — ). (2.87)

Using the orthogonality condition and the fact that @ and b are anticommuting

c-numbers, one can easily show that

pIDY =[[]] (Z dakdbk> =[] dan ] dbm. (2.88)
k n m

To find how the measure transforms, we should focus on the basis coefficients. By

applying the chiral transformation to a fermionic field we have
U =" =) e Pouan =Y ap,dm. (2.89)
n m

Therefore, the coefficient a},, because of the orthonormality conditions in Eq. 2.87,

corresponds to the projection of the ¥’ onto ¢,

Gy = P,V = Z¢T €% Gy = Zcmnan, (290)
where the integration and spinor dependence on x has been implicitly assumed. Now,

due to the properties of Grassmann variables, we know that

0 0 Oa Oa
r o m m
da,, = Bal = a D 8% dal ——day, (2.91)

where the Chain’s rule has been applied and, in the last equality, the Grassmann identity

df = 0/00 has been used again. Coming back to our measure in Eq. 2.88, it therefore
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transforms as

pvow ~ Tl Lo~ (IS (50 ) ) (15 (51 )

= (det C)* [ dan [ [ dam = (det C)"*DU'DV. (2.92)

The last equality in Eq. 2.92 may be seen clearer in the following way: Given a

Grassmann variable that transforms as 8’ = A8, we have that

= detA/d"Gal,__n :detA/d”Gf(G) :detA/d"H’f(H'),

where €;,. ;. is the n-dimensional total antisymmetric tensor, the definition of the
determinant has been used and a dummy index redefinition has been performed.
Therefore, from the above identity it is straightforward to infer that [d"0 =
det A [ d"¢’, and the same applies to our basis coefficients:

H H b, = (Det C)~2 H an H b (2.93)

Thus, we know how the measure transforms, and just to write it in a more convenient

way in the path integral let us use the following identity:

(Det )~ —log(Det O) _ ,—log(IT; Ai) — o~ log(Ai) — ¢~ Tr{los C} 2.94)

where we have used the fact that the determinant and the trace of a matrix are invariant.

Plugging in the definition of C given in Eq. 2.90,

(Det C’)_2 = exp [ /dm az gZ)T )Y50n(x) | . (2.95)
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U(l)a

1
In the case of Weyl spinors, ¥y, W Ja

) - U -
e Uy, and ¥y, (—> Ve, we can expand

them as

U= an®rn,  and  Tp =) oF by (2.96)

Note that, in their context,
DU DV = (Det Cr) ' (Det Cr)" DU, DV}, = (Det C) "' DV, DV, (2.97)

since
(Det Cp)(Det CRr) = exp [z’/d4xaz <_¢LL¢nL + ¢LR¢nR)] =Det C. (2.98)

The exponents of Eqs 2.95 and 2.98 are ill-defined due to the infinite sum in the spinor
space. We introduce a cut-off A such that

lim qun 2)ys e A (x) = lim Z¢> )y e DA, (2)

A—oo

. e (2.99)

T—Y

where in the first equality the Dirac equation has been used and, in the second one, we
have applied the orthogonality conditions of the spinorial basis. Notice that the trace
of 5 is zero, so it is like we are “summing zero infinite times". Now, let us focus on

the operator (i[))? = —D,,D,v"~”. By symmetrizing it, we have

D DV y IV D 7Dl/ y IV wy
(i)? = _{ > Dot {s w} _ [Dy, Do) [vus W] - p? +95LGGVT;%, (2.100)
2 2 2 2 ’
where we have used that the product of a symmetric tensor with an antisymmetric
one is zero and the definition of the field strength tensor G, = i[D,, D,|/gs and

20, = i[y*,~"]. Here, T2 are the generators in the representation R of the fermion
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. Taking this into account, we have

Fq. 2.99 = lim Tr {75 exp {—(D2 + %Sa : G)/AQ} } Sz —y)

— lim djrkﬂr {75 exp [— (D2 + %Sa : G) /AQ} } AT

= Ah—rféo Tr {75 exp [—%0 . G} } / g:f)zlekQ/AQ.

Let us focus first on the trace. By expanding the exponential, the first surviving

contribution is the quadratic term in o - G:

Tr{% exp[ 2A20 G/A }}—21'4A4Tr{'y (0-G)*} +O(A79).

On the other hand, the integral over momentum is divergent. However, we can use the
Heat Kernel regularisation and perform a Wick rotation kg — ik{’. In the Euclidean,

the integral can be easily solved:

d4]{3E k2 /A2 'LA4
2.102
/ (2r2)4°¢ 1672 (2102)

Taking the limit A — oo, only the term (O(A~*) in the trace expansion survives:

g%’ 2 6 ZA4
li —=_Tj . A~ —
Aggo<8A4 (o (- G2} + 0009 ) 1
2 2
9s gS 1 aB v a b R R (2.103)
= T G} =— MGG, T, T,
Ga, G Tr

where T'r refers to the Dynkin index of the representation. Here we have used that GaP
and ¢®? are antisymmetric (extra factor of 4) and that Tr{ V5V Vv Yav8} = —4i€uag-
Therefore, by plugging the above result into Eq. 2.95, and using Eq. 2.92, we finally

obtain how the measure transforms

oy
DIDY — DIDY exp [ gg L / d'z oGt GW] (2104)
'/T
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and hence, we know how the generating functional transforms too,

93Tr
82

ZZ []I + « <z 88 + 16 Lources + / GZ,,G@;”) + O(QZ)} . (2.105)
Taking into account how the Lagrangian transforms under an axial transformation (see
Eq. 2.83), we automatically get the variation of the classical action 4.5 appearing in the
above equation. Finally, the Ward Takahashi identities tell us how anomalous the U(1) 4

transformation is:

[0/6c(2)]Z]am0 = 0 = 8, T = 2M ™Y Uz T — gé%;R Gzyéfl‘”. (2.106)
In the anomaly factor there is an extra factor of 1/2 when the U(1)4 acts on chiral
fields. In the above derivation, we have assumed that ¥ is charged under SU(3). for
convenience, but it can be straightforwardly generalized to any other SU(N). Notice
that, from Eq. 2.106 we can infer that even in the context of massless fermions, although
at the classical level a chiral transformation is a good symmetry, it is broken at the
quantum level by the anomaly factor. Therefore, if we choose av = 6y /2 to get rid
of the CP phase in the Lagrangian, we will end up with an extra anomalous term
proportional to y /2. Curiously, this unexpected anomalous factor can be rewritten as
a total derivative term. This will be shown in the following subsection, where we will

discuss whether it is harmless or not.

2.2.2 The Strong CP problem

In the previous subsection, we just realized that redefining the colored fields by a
chiral rotation induces an extra term in the Lagrangian proportional to the parameter
quantifying the axial transformation (see Eq. 2.106). Particularly, when absorbing the 6y
in the Lagrangian from Eq. 2.80 by a ¢ — €¥75/2¢ transformation, 1° the following

term is generated due to the anomalous behaviour of U(1) 4 at the quantum level:

2
gs a Ay
£ 8y 525G, Gl. (2.107)

"We have particularized to quarks since we will focus in the color anomaly henceforth.
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where G = €uap GO /2 = (Aa/Z)éZV. In reality, apart from a possible complex
phase in the Yukawa interactions, there is another source of CP violation in the
Lagrangian, allowed by the SM gauge symmetry group,

2

9s a Ay
£5 foen g5 5 G Gl (2.108)

where fqcp is a dimensionless parameter. The above term was for a long time forgotten.
The reason is that such interaction, as well as that in Eq. 2.107, can be written as a total

derivative of the following current,
K, = epup A (Gpaa B %S Fo AP A ) , (2.109)

known as the Chern-Simons current and it is well know that, when gauge fields
behave properly and go quickly enough to zero (in order to get finite energies), a
boundary term does not contribute to the action, nor to the equations of motion,
so that one would not expect fgcp to have any physical effect. The later holds for
an abelian gauge theory, but non-abelian theories allow for gauge field configurations
called pure-gauges that are equivalent to the null-field configuration, so that one would
expect those to be removed from the functional integral by the well-known gauge-fixing
procedure. However, the redundant configurations are those that can be joined by a
continuous gauge transformation to configurations that are already counted. Pure gauges
are connected to the null-field configuration by gauge transformations that cannot be
smoothly deformed into each other without leaving the pure gauge, so that they should
be taken into account and will then lead to physical effects. Such non-continuous
gauge transformations exist in non-abelian gauge theories as a consequence of their
non-trivial and unexpectedly rich vacuum structure. The different equivalent classes of
pure gauge configurations, representing different vacua, are defined and distinguished

by its topological charge:

2
_ Ys 4 a A
n = 39,2 /d xGWGg . (2.110)

The configurations that connect by tunneling transitions between vacua of consecutive

topological charges, as naively illustrated in the classical picture from Fig. 2.11 with a
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red string, are called instantons [107,108], and are responsible for rendering the QQCDGG‘

term physical in the Lagrangian. I The later is not the only consequence of the existence

buﬁ' ‘ \ Figure 2.11: Classical analogy

\-_-- M- 1 to the instanton solutions of
‘l] QCD.

of instantons; in the last subsection we obtained that a chiral rotation induces a term
proportional to GG in the Lagrangian, shown in Eq. 2107, when a chiral rotation of the
quarks is used to remove the Yukawa phase fy from the interactions in Eq. 2.80. Such
term is physical too! Those non-perturbative effects of QCD explicitly break U(1) 4.
The later was first understood by G. t'Hooft [110,111] (see Refs. [112] and [113] for an
intuitive interpretation of t'Hooft's more formal language) in 1976. It explains the large
mass of 7/, and tells us that the CP violating phases in the QCD Lagrangian cannot be
removed. Indeed, there is no way to hide those complex phases from both the Yukawa
and the topological term simultaneously, because when redefining the chiral color fields,
a CP violating phase is induced in the Lagrangian that shifts the topological term, and

viceversa, as follows:
ﬁcp(ey, HQCD) — Ccp(ay — Q, HQCD + NO&) (2.111)

unless an unexplained tuning occurs between 0y and fgcp contributions. Here N

is defined, taking into account the contribution to the anomaly from the chiral fields

"The reader may be wondering why the analogous (g*/327%)0sw W, W/ term should not be added
to the Lagrangian since one would also expect instanton effects in the non-abelian SU(2)r. However,
in this case, global baryon U(1)p and lepton U(1)r number symmetries render Ogw unphysical, playing
exactly the same role as a hypothetical massless quark (it will be explained in the main text). However,
U(1)g and U(1)r are accidental symmetries, as we will discuss in Chapter 3 of the renormalizable SM
Lagrangian that could be broken by higher dimensional operators, so that fgw would become physical if
B + L is violated, as the authors of Ref. [109] realized.



2.2 Axions 61

shown in Eq. 2.106, as

N =2 Cy,Tp[Ry,| x mult[T], (2.112)
vy

where the sum runs over the fermions carrying color. Let us group all QCD CP-violating

phases together in a total phase  in the topological term, i.e.

2 ~
LD \T/LM\I/R +hc + Is (HQCD + ey) GaVGgV, (2.113)
3271'2 ~—— s

0

where, in the presence of several quark generations, the Yukawa phase is generalized to
0y = Arg[Det M], being M the mass matrix of the quarks.

How does @ contribute to the SM phenomenology? Which are its implications? The
most relevant observational consequence of f are the hadronic electric dipole moments
(EDMs), which can only be generated by CP violating processes. In particular, the
magnitude of the neutron EDM,

dp _
Lrpy = —3(\11711‘750#”\1/”)@”, where d,, = (24410)0 x 10 %e fm,  (2.114)

is proportional to 6, where d,, has been computed with QCD sum rules [114-117].
Classically, an EDM parametrizes how charges are distributed. In particular, the neutron
EDM would be expected to be order O(1) as Fig. 2.12 shows.

Expectations Reality...
n

Figure 2.12: Classical picture of the neutron. The angle § parametrizes the neutron
EDM. Figure adapted from Ref. [118]
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Actually, by computing the scalar potential in Chiral Perturbation Theory (ChPT) 2,

dmy, m é
vV 2 r2 u ''ld )
Mo 7T\/ (mu + md)2 o <2>’ ( %)

where m,,, mq and m, are the masses of the up, down quarks and the pion, respectively,

and f, the pion decay constant. From the above scalar potential we can see that  °

also contributes to the masses of the pions, by splitting them in the following way:

mfro = afﬂ\/m% + mg + 2mymgcosf, and mii = afr(my, +mg), (2.116)
which, by experiment, we know that they are pretty similar. This is already giving us a

hint on how small 6 is. Indeed, experimental bounds on the neutron EDM [21],
|dn|® < 0.18 x 1072 e fmat 90 % CL. = [0] < 7.5 x 1071, 2.117)

ie. 0 should be extremely small. But, why the neutron EDM is so small? Why does
QCD seem to preserve CP? This is the so-called strong CP problem.

The later could be solved, as it was believed at some point before ChPT ruled out
this possibility [120], by the existence of a massless quark [111]. Imagine that this was
the case and that the up quark was massless. Then, one could redefine it by a chiral
transformation such that all CP violating phases contained in the topological term, i.e.

0, are swallowed by the rotation, i.e.

u VWA G012, (2.118)

so that § would be unphysical and the problem would be solved! Unfortunately or
not, the up-quark is massive. Let us focus on the key point of this trick: in the
presence of a massless quark, the U(1) 4 symmetry becomes a good symmetry at the
classical level while it is broken in the underlying quantum world. If we want to mimic
such massless quark, we should look for symmetries that behave as the axial one in

the presence of massless fields: a good symmetry at the classical level, broken at the

Z2Gee Ref. [119] for a nice review on the topic.
BThe CP violating parameter @ is an angle 6 C [0, 2] as the potential shows.
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quantum level by the chiral anomaly. In the following, we will name symmetries of this
kind as Peccei-Quinn symmetries, U (1)pg. Spontaneous symmetry breaking complicates
things indeed, since a chiral symmetry automatically breaks in the presence of massive
fermions. However, a broken global symmetry predicts a GB that can be rotated by a

chiral transformation such that

o 95 (G- 2 o gm oy pim 2.119)
327 7, ) was TR '

where f, is the scale at which the U(1)pq is spontaneously broken. In this context, the

scalar potential in ChPT modifies as follows

_ 2y Amuma o (0—alfa
V(a) =—mzfzy/1 \/msm 5 ) (2.120)

such that the minimum of this potential is achieved at (a) = f,. In other words, the
dynamics of QCD itself solves the strong CP problem since the GG is automatically
stabilized to zero in the presence of such pseudo-GB, * named by F. Wilczek as the
axion. ™ The U(1)pq mechanism, responsible for this success, was proposed by R. Peccei
and H. Quinn [121,122], in 1977 inspired by the massless quark scenario. Immediately later,
S. Weinberg [123] and F. Wilczek [124] realized that, after such symmetry is spontaneously
broken, an axion is born.

By expanding the above potencial around the minimum we find that the mass of

the axion is given by
2
ot f2
o (mutma)? TG

Note the key feature of the QCD axion: its mass is inversely proportional to the energy

(2.121)

scale where it was born.

“As we will see in the following, the axion is not massless; it takes mass from the QCD potential
due to the instantons, as a consequence of the explicitly broken chiral symmetry at the level of the QCD
Lagrangian.

BRumours affirm that the origin of the name comes from the laundry detergent Axion, as an analogy
of its cleaning power when washing out the strong CP problem, and because such problem involves axial
currents.
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Before closing this subsection, let us briefly comment on the other interacting terms
that arise when rotating the axion from the Yukawa Lagrangian, shown in the following
Lagrangian:

ot = 9, p e d,a) Fo* (2.122)
a — 4 ar +Zgaf( ,ua)f/y V5[ .
f
It contains the axion interaction with photons, generated when the rotated chiral fields

have electric charge and parametrized by the coupling g4+, defined below:

QOEM )
= — | ——1.92(4 2.12
Garyy 27rfa<N 9()>, (2.123)

where the second term in Eq. 2.123 is the contribution arising from non-perturbative
effects from the axion coupling to QCD and has been computed at NLO in Ref. [125].
The first term in Eq. (2.123) is given by the anomaly coefficient for the electromagnetic
fields, F, analogous to the N (see Eq. 2112) for the GG term generated by redefining
the colored fields. In the Lagrangian from Eq. 2.122 one can also identify the interaction
that appears when rotating the fermions because of the local nature of axion, which will

lead to axion-nucleon interactions at low energies.

2.2.3 The electroweak axion

In order to implement the Peccei-Quinn (PQ) mechanism, we need a CP-odd physical
GB in our scalar potential. In the SM, with one Higgs it is unfortunately not possible
since the corresponding CP-odd GB becomes the longitudinal polarization of the Z
boson, accounting for its mass. We need an extra GB, i.e. an extra global symmetry
to break! Let us add one Higgs doublet more and distribute the PQ charges such that,
without loss of generality, one of them interacts only with up-quarks, H,, and the other
one with down-quarks, Hy, in order to cleverly avoid the severe bounds on flavour

changing neutral currents. Under the following PQ charge assignment:

H, — e®H, H;— e ®uH; dp — e™dp, and up — e uup,
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we can write down the following Yukawa Lagrangian:
—ﬁpQ quYuiUgH; ur +qr, YgHydp + h.c.. (2.124)

The scalar potential is built upon allowed gauge combinations of the two scalar doublets

and the global PQ symmetry,
Ve = V(IH, %, [Hgl), (2.125)

so that two global symmetries are broken when the neutral scalars get a vev. ' Eccolo!
After SSB, the CP-odd component of the neutral scalars can be written as a linear

combination of the two GBs of the theory,

v, . v ilaé a

HO 5 iezau/vu — 7“€Z(qaz+PQua)’ (2126)
u V2 V2

HO o U iaafea _ V4 igaz+PQua) (2.127)

d \/§ \/i )

where G and az are the phases of the axion and the GB that will be eaten by the
Z, respectively. The factor ¢ is the contribution related to the EW quantum numbers
and PQ, parametrizes the presence of the axion in each of the scalar representations.

Linearizing the kinetic terms of the CP-odd fields, we have

1 1 ~ . . . o

B )y Oay, = 51}5((]26#&28’%2 + 2¢PQ,0,a70"a + PQ%@MCLO‘L@), (2.128)
1 1

5Onaad"aq = §U§(q28udza“d 7 + 2qPQ,0,470"a + PQ3D,a0"a). (2129)

Orthogonality of the GBs requires the following condition,

v2PQ,, + v3PQ, = 0, (2130)

®We should remark that the PQ is not automatic in the two Higgs doublet model Lagrangian. Note that
the invariant H;z'ggH 1 term and its hermitian conjugate would break the second global symmetry we
need if the global U(1)p, was not imposed by hand.
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whereas the normalization of the kinetic terms of the axion demands that
v2PQ2 + vIPQE = n?, (2.131)

where n, is the normalization of the CP-odd phase ¢ = a/n,. The conditions in

Egs. 2130 and 2.131 fix how much part of the axion lives in each of the neutral scalars,

v _;% a (Y jru @
Hy, D —Le uw, and Hy>D —Le'vato, (2.132)

V2 V2
where vg = y/v2 +v3. Substituting the above expressions in the Lagrangian in

Eq. 2.124, the reader can see that the axion can be rotated away from the Yukawa

interactions by redefining the quarks in the following way:

v
7lda a

’U/L/R—>€i Z%’U,L/R, and dL/R—>€iiﬁ%dL/R, (2.133)

which, in turn, induces a shift in the topological term proportional to N, according to
Eq. 2.112. The color-anomalous factor IV is determined by the group theory properties

of the quarks we are rotating, i.e.

1 1
N= 3 xo(Y% 02 B 0 2)y o (2.134)
~~ Uy 2 2 Vg 2 2 ~~
Ny L—R
ur, dr,

In other words, we have transferred the axion from the Yukawa interactions to the

topological term (see Eq. 2.111),

as (= Vg Uy ) @ ~
LpgD —(0+3|—+— | — )G G 2135
PQ 87r< + <Uu+vd>vo> wGa (2.135)
Because the PQ symmetry is anomalous, the axion can seep into the GG term and,
because of its dynamical nature as a field, is able to wash the strong CP problem out.
This beautiful theory proposed by R. Peccei, H. Quinn, S. Weinberg and F. Wilczek
(PQWW) [121-124], however, is ruled out because, in this context, the axion is too

heavy [126], i.e. the EW scale does not suppress enough the interactions to avoid the
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current experimental limit on the branching ratio B(K+ — 7Ta) < 4.5 x 107! at
90 % C.L. [127]. Yes, it is ruled out because the theory predicts the axion mass as a
consequence of having the PQ scale f, linked to a well-defined scale, vg = 246 GeV.
See Fig. 213 for an illustration. The theory has launched a prediction and, with that,
has been exposed to be falsified. And indeed it has been kicked out by experiment. It
should be stressed how powerful a theory of this kind is, and we welcome the reader

to mull over this in order to value it.

2.2.4 Invisible axion models

As explained in the last section, the original PQWW model is ruled out because the
scale suppressing the interaction between the axion and gluons is not high enough to
avoid the experimental bounds. The reason is that the PQ scale is linked to the EW
scale since the Higgses containing the axion are charged under the EW force so that
their vevs are bounded from their contribution to the gauge boson masses. In order to
weaken the axion interactions and be consistent with experiment, we need to decouple
the PQ scale, f,, from the EW scale. That is the role that the invisible axion models
play. In this section, we introduce the two kind of mechanisms on which the invisible

axion models are based.

2.2.4.1 DFSZ mechanism

In order to decouple the PQ scale from the EW scale, a singlet scalar under the EW
gauge symmetry, S ~ (1,1,0), must be added. In that context, the vev of the singlet
scalar, vg, is not bounded to the EW gauge boson masses and can be arbitrarily large.
Since vg enters in the PQ scale, one can easily avoid the bounds by suppressing the
axion interactions. However, gauge symmetries do not allow a scalar singlet to interact
with the SM quarks so that one cannot use the PQ symmetry to rotate away the axion
and generate the desired aGG term.

The mechanism proposed by M. Dine, W. Fischler and M. Srednicki in 1981 [128],
and one year before by A. Zhitnitsky [129] (although it was overlooked in the literature
at that time), consists of the introduction of an extra mediator, a second copy of the

Higgs boson d la PQWW, that connects indirectly the part of the GB living in the singlet
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Figure 2.13: In the PQWW model, the
mass of the axion is predicted because
the PQ scale is connected with the
EW scale through the vev of the Higgs
_.A_ doublets where it lives. Unfortunately,
the axion is too heavy to satisfy the
experimental bounds, represented with
a red mesh, and the PQWW model is
ruled out. On the other hand, invisible
axion models successfully decouple the
7 PQ scale from the EW scale, although
EW < PQWW now such scale is totally arbitrary and,
7 therefore, the axion mass cannot be
predicted in that context unless the
axion is embedded in a theory with a

well-defined scale.

Invisible

‘? <4 axion

¢ models

(suppressed by its arbitrarily large vev) and the quark sector via a mixing term in the
scalar potential. The Yukawa Lagrangian relevant for this mechanism is exactly the same
as that from the original PQWW model in Eq. 2.124, up to the extra scalar SM singlet in
the potential,

Vorsz = V(| Hyl?, | Hg|*,|S]), (2.136)

so that there are in total three global symmetries that will be broken once the neutral
scalar fields acquire a vev. Then, one expects three GBs in this case, which would not
help at all since one would still have the PQWW axion living in the doublets, as before,
and a massless CP-odd field living exclusively in the scalar singlet, with no possible
interaction with quarks. In order to avoid such dangerous scenario, one has to charge
the singlet scalar .S under U(1)pg such that a mixing term between the three scalars,

for instance
Vorsz O —uH HyS? = —PQ, +PQ, + 2PQg = 0, (2137)

is allowed by the G(SM) ® U(1)pg. Note that the existence of this term imposes a

constrain on the PQ charges, as shown in the RHS of the above equation. Now, because
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of the presence of the mixing term in Eq. 2.137, one of the global symmetries is explicitly
broken. The two remaining symmetries give rise to two GBs after SSB: one of them, a
combination of the CP-odd fields living in the doublets, will become the longitudinal
d.of. of the Z boson, and the other GB, a combination of the CP odd fields of all
scalars, including the one suppressed by the arbitrarily large scale, will be our axion, as
we show in the following. After the SSB of the global symmetries in the scalar potential,

the CP-odd component of the neutral scalars can be written as a function of the GBs:

Yu iaw/ve _ Yu i(gaz+PQ,a)
Yuiaufoa _ Vu, i) (2.138)
V2 V2

HY o Y4 giaa/va — Y4 i(aaz+PQua)

d \/i - \/i )

S0 o U8 ias/vs _ US [iPQga (2.140)

V2 V2

By following the approach adopted in the previous scenario, the orthogonality and

H,

(2.139)

normalization conditions fix how the axion is distributed along the CP-odd phases of

the scalars:

2
vy a

S Hyoe 'S, and SDe 'vs. (2.141)

2

v
721—51
1)0

H,De

where, as before, vg = {/v2 + vfl. One can remove the above phases from the Yukawa
Lagrangian with the PQ symmetry, by rotating them away with the following redefinition
of the quarks:

2
a - V1 a

Ko

+i
dL/R_>6 v

“Sdpp, and  upp—e %S, (2.142)

(=]

that generates a shift in the GG term, according to Eq. 2.111:

as [~ a - B 1 v 102\
’CDFSZJ&T<9+NUS>GZVGZU’ where N—3X2<2><vg+2v§ =6,

ur dy,

(2.143)
where Eq. 2.112 has been applied to compute the anomalous factor. In this case, the

reader can identify from the topological term that the PQ scale is f, = vg/6. Note that
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the invisible axion models act as a seesaw in the sense that, the larger the vev of the
singlet scalar, the larger the PQ scale and the more suppressed will be the interactions.
In this way, as Fig. 2.13 shows, one can easily avoid the experimental bounds but, on

the contrary, nothing about the axion mass can be inferred.

2.2.4.2 KSVZ mechanism

Another equivalent implementation of the invisible axion models, proposed by
J. Kim [130] and independently by M. Shifman, A. Vainshtein and V. Zakharov [131]
in 1979, is to realize the PQ mechanism by the existence of an axion that does not
couple to ordinary quarks at tree level. In this case, the SM sector remains untouched:
there is only one Higgs doublet, our SM Higgs, interacting with the SM quarks. As the
previous mechanism, a scalar SM singlet needs to be introduced in order to decouple
the PQ scale from the EW scale, but as argued before, due to the gauge symmetries, this
singlet does not interact with the SM quarks so that a aGG term cannot be generated.
But, what if the matter content is enlarged by introducing new color fermions whose
quantum numbers are such that their interaction with the scalar singlet is allowed? This
is the idea of the KSVZ mechanism and its implementation is very straightforward! The

scalar potential in this case enjoys two global symmetries for the neutral fields,
Visvz = V(| Haul*, 1S°%), (2.144)

that will be spontaneously broken and will consequently generate two GB. In this case,
since there is no mixing portal, the axion only lives in the singlet scalar. The new color
fermions, that by the symmetries of the Lagrangian are allowed to interact with the
singlet, can be used to rotate away the axion from such interaction and directly generate

a GG term, according to Eq. 2.111: 7

- ﬁstz D YQ @QR S+ he. o U—>(1)PQ ﬁKSVZ 2 % <9 + NaGguéZu>

8w Vg
(2.145)

Note that in this case the axion couples directly to the colored fermions, so that no mixing term
between scalars is needed. From this perspective, the mechanism is pretty clean.
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The PQ scale can be identified as f, = vg/N, so that one can suppress the axion
interactions to taste since vg is not bounded a priori to any scale. The later saves the
theory from being ruled out but makes it loose their appeal.

As we have seen, both the DFSZ and the KSVZ allow to implement the PQ
mechanism in a realistic way. However, in contradistinction to its precedent PQWW, in
the context of invisible axion models the axion mass cannot be predicted since the vev
of the singlet scalar is not linked to any concrete scale, which leave us with a vast range
of orders of magnitudes to seek for the axion mass. In Chapter 7, we will show how
these invisible axion models can be embedded in a self-consistent theory such that the

predictive power of the PQWW is recovered.

2.2.5 Misalignment mechanism

We motivated the axions from their potential to solve two of the SM problems at
once: the strong CP problem, already discussed in the previous subsections, and the
amount of DM in the universe. Let us see how those curious particles, although having
an extremely light mass, can behave as cold DM candidates. In this subsection we
describe the misalignment method, proposed by several authors in Refs. [132-134] in
1982, which takes profit of the fact that the axion mass, as well as the expansion rate
of the universe, are dynamical parameters which depend on the temperature, or from
another perspective, on the time.

By varying the action in a Friedman-Roberston-Walker (FWR) universe, the equation

of motion for the axion field at the zero momentum mode reads as

i+ 3Ha+m2a+ O(a?) =0, (2.146)

V'(a)
where we parametrize the axion field initial value by some angle ag = 0y f,. We
should remind the reader that, as we discussed in the previous sections, the axion mass
depends on the temperature; the mass is generated by QCD instanton effects, which are
strongly suppressed at temperatures above Aqcp. In that sense, from Agcp < 7' < Apq

axions can be considered massless. In that regime, the QCD dynamics has not set yet



72 2. Dark matter

§ = 0, so that there is no motivation for any special fy and the initial value could take
any random value between [0, 27]. 18
In the early universe, H(7") > m,(T") so that Eq. 2.146 behaves as an over-damped

harmonic oscillator, with a = f,0y, as Fig. 2.14 illustrates. As the universe cools down,

' H>> mg

Figure 2.14: Naive illustration of the H < m,

misalignment mechanism.

at a certain temperature that we will label as critical, H(T.) ~ mg, Eq. 2.146 becomes

an under-damped harmonic oscillator instead, whose solution is given by
a(t) = Aoe_%Ht cos(mat) = AgR(t) /% cos(mqt), (2.147)

where in the last step, the scale factor R(t) = /() has been introduced for simplicity.
By ignoring the transition regime between the over- and sub- damped oscillators and

matching the solutions from both regimes at T, the above equation can be rewritten as

~ 3/2
a(t) = Oofa (11;((%)) cos(mgt), (2.148)

so that the axion field oscillates coherently. The energy density restored in these

oscillations is given by

pult) = sma(t)a(t)? = m ()90]’2( >c052<mat>

ol g()

®n this section, as well as in Chapter 7, we will assume that the PQ scale is broken before inflation
takes place, i.e. pre-inflationary scenarios.

R(T)

(2.149)
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The reader might have noticed that once 7" < Agcp and the axion mass settles down,
the energy density scales as R~3, so that, in despite of having a tiny mass, axions behave
as non-relativistic matter! We note that, whereas the p, o R~3 dependence only holds
in the regime where m, is constant, the axion number density, i.e. the number of
axions per comoving volume, is conserved since 14 (t) = pa(t)/mq(t) ~ R73.
Assuming that since the axion field began to oscillate there has been no entropy
production, we can compute n,/s at T, and estimate the contribution of the energy
from the axion field oscillations to the relic abundance in the universe, which is roughly

given by [118]

Qh? ~ 0.0162 _Ja 1'19. (2.150)
10 GeV

Notice that, for an initial misalignment angle of 6y ~ O(1), the PQ scale is expected to
be of order fpq ~ O(10'%) GeV. This would set a lower bound for the PQ scale if we
assume that the misalignment mechanism is the only source contributing to the total
relic density observed in the universe. Even if this is the case, there is no problem in
having a scale larger than 10'? GeVs as long as (f,/GeV)#2 ~ 102 holds.

2.2.6 Direct detection of dark matter axions

Under the motivation pointed out in the previous sections, many laboratory
experiments have been searching axions since their proposal. Colliders were able to
rule out the EW axion but, after the invisible axion models appeared as a way out to
evade these bounds, the hope to experimentally reach such high scales at accelerators
faded out. The situation, however, positively changed when, in 1983, P. Silvike proposed

in Ref. [135] two techniques towards the invisible axion hunt:

* Helioscopes: These experiments aim to detect axions produced in the Sun.
Examples of helioscopes: the one in Brookhaven [136], in Tokyo [137-139], and
CAST at CERN [140].

® Haloscopes: These experiments aim to detect axions from the hypothetical DM
galactic halo. Examples of haloscopes: that in Brookhaven [141,142], in Florida
U. [143] which later became ADMX, and CARRACK in Japan, among others.
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See Refs. [144,145] for nice reviews on axion detecting techniques. In Fig. 2.15, extracted
from Ref. [144], we show the current limits imposed by helioscopes, haloscopes and
laboratory experiments on the 1,-gq, plane, being the later defined in Eq. 2.123.
Because the g, is inversely proportional to the PQ scale, there is a correlation between

Jar and my in the QCD-axion models, shown by a yellow band in this figure. ** Owing
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Figure 2.15: Review of
experimental constraints
in the overall (ggy, Mma)
plane. In gray, laboratory
v ) axion experiments, in blue
e foee bounds from helioscopes,
10 Haloscopes ) and in green bounds from
1::4 haloscopes. Figure extracted
110 from Ref. [144] (updated in
2018).
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to the fact that we will study DM axions in Chapter 7 we will focus on the second
technique. Haloscopes exploit the coherence effects driven by the fact that DM axions
behave as coherent classical fields to detect them. As we have seen in the previous
subsection, DM axions are highly non-relativistic. Therefore, from the dispersion relation
for free axion waves, w = \/m, being p;, their momentum, the non-relativistic

limit can be taken as follows:
2 A
W =mq <1 + % + O(v4)) = =Y 1076, 20 (2.151)
w

Such small relative spread in frequency implies that axions are almost monochromatic.

Besides, in last subsection we have also estimated the axion number density. Unlike

YThe rest of the parameter space corresponds to the so-called axion-like particles. Those are pseudo-GBs
arising from the breaking of global U (1) symmetries that are not related with QCD at all, i.e. do not interact
with gluons and their mass is not defined by the QCD instantons. We will not consider axion-like particles
since they do not solve the strong CP problem.

®For a recent determination of the velocity dispersion at the Earth's position using N-body simulations
see Ref. [146].
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WIMPs, which behave like a dilute gas of particles that eventually bump into a detector,
axions have a much higher number density. They behave as a Bose condensate since
large DM number densities imply macroscopic occupation numbers for each quantum
state [54]. Therefore, it is appropriate to treat a(t) as a coherent classical field, which
taking into account Egs. 2.148 and 2.149, can be written as

V2p4

a(t) = sin(mgt), (2.152)

Mg

whose amplitude is determined from p,(Ty) = ma(Tp)a(Tp)?/2 (being Tj the current
temperature in the universe). In most of the experiments, it is common to assume that
the contribution from axions to the local energy density is 100%, i.e. p, ~ ppm where
pom ~ 0.4 GeV/em? [85,147-149] is the local DM energy density. However, we should
keep in mind that any signal in reality depends on the product ppy g, rather than ppy,
being p, the fraction of the total local density comprised by p,.

The coherent oscillations of the DM-axions can be exploited by designing
experiments whose signals are enhanced in the presence of a certain axion mass by
a resonant effect. Let us take into account the interacting Lagrangian for axions with

photons and nucleons that will be the basis for DD experiments,

ngf D _gcz%aF,uyﬁwy + Z gaNN(a,ua)\I’n’VM'YE)\IJn - aF,LLI/ Z ga2D (Z.\I’no'lw'%\ljn)
n

n

(2.153)
where we included to the interacting Lagrangian from Eq. 2.122 the dimension 5
term proportional to g,p, responsible for the hadronic EDMs; g4, parametrizes the
axion-photon coupling (see Eq. 2.123), and g,nn parametrizes the coupling to nuclear
spins. The later is generated from the transition from g,s interaction in Eq. 2122
at the quark level to the nucleon level. The framed term in red is proportional to
F,,F" = A(E - B). Therefore, in the presence of a magnetic field, an axion can
be converted into a photon. Such conversion can be resonantly enhanced by using
microwave cavities with a high quality factor Q.
Conventional axion haloscopes consists of a high-Q microwave cavity subjected to a

homogeneous external magnetic field By, as such produced in the cavity surrounded by
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magnets shown in Fig. 2.16. When the resonant frequency of the cavity w. matches the
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Figure 2.16: Illustration about the methodology of high-Q microwave cavity experiments.

axion mass, the axion-photon conversion experiments an enhancement proportional to
the quality factor of the cavity. The signal power P in the band m, + m,/Q is given
by

Py o niginoleQVpa, (2.154)

where G, parametrizes the geometry of the cavity resonant mode (see Ref. [144] for
more details) and V' quantifies the volume of the cavity. Notice that this kind of
experiments based on axion-photon conversion are actually sensitive to the product
GaryV/PoM Pa. On the other hand, the signal of the noise is proportional to m,, which
makes this technique less efficient at heavy axion masses, i.e. high frequencies.

As we just explained, the conventional cavity haloscopes rely on matching the axion
mass with the resonant frequency of the cavity. However, going to lower frequencies
requires larger cavity volumes. In principle there is hope on building high-Q cavities
with large volume but it becomes experimentally challenging to fabricate powerful
magnets of large dimensions to surround them, so that low axion masses are difficult
to access with such technique. However, what if we decouple the volume of the
detector from the axion frequency/mass? That is the brilliant idea on which experiments
like ABRACADABRA and CASPEr are based. We present them in the two following

subsections before closing this chapter.
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2.2.6.1 ABRACADABRA

A Broad / Resonant Approach to Cosmic Axion Detection with an Amplifying B-field
Ring Apparatus (ABRACADABRA) 2! was proposed at MIT, as the name itself suggests, to
detect cosmic axions. It exploits the modifications induced by the axion in the Maxwell
equations [150,151]. Indeed, the presence of the axion field and its interaction with

photons modifies the QED Lagrangian in the following way:

1 1 ~
Low = 3 FuF* — L garyaFy (2155)

which leads to the new Maxwell’s equations [135] listed below:

—

V-E=—gunB-Va V-B=0
| . - OFE . oa .\ (2156)
VXEzfa VXB:atga»Yv(EXVaatB).

Because the local viral velocity of the DM in our galaxy is about v ~ 1073, it will give
small gradients Va o< v so that we can neglect them in the above equations.

In the presence of a static magnetic field, i.e. Bo, and neglecting Va, there is no
electric field present so that OF /Ot =~ 0. % In this context, the Ampere’s law reads

o oa -
V x B = ga“/’YEBO’ (2.157)

which, under the presence of an oscillating axion field and a static magnetic field as

shown in Eq. 2152 generates an effective electric current given by

T = garr\/2ppm cos(mat) By. (2.158)

where we have assumed, as ABRACADABRA does, p, = 1 (otherwise the obtained
bounds of the experiment should be scaled). The above effective current in turn

sources a magnetic field oscillating at frequency m,, perpendicular to By, according

AJesse Thaler, one of the members of ABRACADABRA, is a big fan of playing Scrabble.

This is known as the Magneto Quasi-Static limit, where either the magnetic induction or the electric
displacement current are neglected. At higher axion masses, i.e. higher frequencies, displacement currents
could be generated.
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to Ampere’s law. Therefore, one can hope to test such oscillating flux, proportional to
\/PpM (assuming p, ~ 1) by using a magnetometer. The later is what ABRACADABRA
does. The static magnetic field is generated by a superconducting wire wrapping a
toroid. The toroidal geometry enjoys the advantage of having the readout region in the
center of it, where there is ideally zero static magnetic field. Furthermore, by introducing
a small GAP in the toroid, the parasitic capacitance effects that may generate displaced

currents can be reduced. The geometry of the experiment is shown in Fig. 2.17. The

q)pickup (t)

Pick-up coil

14@

Figure 2.17: Geometry of the
ABRACADABRA  experiment.
Image adapted from Ref. [150].

SQUID

oscillating magnetic flux can be detected with a superconducting pickup loop in the
hole of the toroid. For a pickup loop radius smaller than the inner radius of the toroid,

the flux is given by

q)picl(up (t) = ga'vamax V' 2PDM Cos<mat)VB7 (2.159)

where Bpay is the magnitude of the static field at the inner radius and therefore
depends on the geometric factors of the toroid, as well as the effective volume V3,
which quantifies the volume containing the external magnetic field. Note that the
magnetic flux is proportional to g4--, which in turn is inversely proportional to the PQ
scale, so that an extremely sensitive quantum limited field sensor is required to detect it.
ABRACADABRA uses a Super Conducting Quantum Interference Device (SQUID), which is
able to reach magnetic sensitivities of ((10~'®) T. ABRACADABRA follows two readout
approaches on the magnetic flux generated by the hypothetical axion field:

* Broadband approach: The magnetometer is untuned. The pickup loop is coupled

directly into the SQUID input and all frequencies are acquired at once. This
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approach has an enormous advantage: it is able to search all frequencies
simultaneously, or at least those not limited by noise. 2 The lower bound on

the signal reach of the broadband approach goes as follows,

(2.160)

noise’

‘ Mg\ 1/4
Ja~~y > [experiment factors] (T) SQUID

where ¢ is the integration time of the axion classical field. Note that the sensitivity
to ga-~ increases at smaller m,. On the other hand, the noise of the SQUID scales
as SQUID, ;..

shows, setting the floor of the experimental reach.

x 1/m, and dominates below 50 Hz, as the blue line in Fig. 2.18

® Resonant approach: The magnetometer is tuned. A resonator is inserted into
the circuit in order to enhance resonantly the signal before the SQUID noise is
introduced. The enhancement of the signal is proportional to the quality factor

(@ of the resonator. In this case, the sensitivity to the g4~ goes as,

1\ /4
t) , 2.161)

Mg

Gar~ > [experiment factors] <

which improves with the time spent on each frequency band and worsens for
lower axion masses, since at low frequencies, lower @) factors are required to make
sure that the bandwidth matches the interrogation time. The clear disadvantage

of this approach relies on the choice of a certain frequency to amplify.

In Fig. 2.18 we show the projected bounds for the ABRACADABRA experiment [150,
151. A prototype detector ABRACADABRA-10 c¢cm has been launched, following a
broadband approach, and the first results appeared in 2018 [152,153] from the data
taken during a month (July-August from that year). In those, a huge amount of
noise correlated with the vibration of a plate was found below 10 Hz. Although the
reach of the Run-I results is still below the limits from the CAST helioscope, a broad
range of frequencies was successfully accessed and, after technical improvements, the
ABRACADABRA collaboration plans to reach the projected sensitivities. Note that they

B At large frequencies / masses the MQS approximation breaks down and displacement currents would
screen out the signal.
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Figure 2.18: Bounds of the

Hz . " MHz GHz ABRACADABRA experiment. In

jornf [ Brout B = ST, ¥y = 1mn:1 blue (orange) the projected

e Broad: By = 5T, Vg = 100 m’? 1 B bounds for the broadband
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0 '“:// Ve o shown in gray. Figure extracted
107 10712 10710 1078 107% from Ref. [150].
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aim to falsify part of the QCD axion band, including the interesting scale of axions
predicted from Grand Unified Theories, which will be addressed in Chapters 6 and 7.

2.2.6.2 CASPEr

Apart from the coupling mediating the electromagnetic interaction between the
photon and the axion, g4+, there are two other couplings through which the axion

could be accessed. Those are the interaction between the axions and nucleons,

~ — .YaD , .~
Esz D) —g(?%FMVFHVa‘f’ zn: gaNN(aua)‘lln’Y'u'YE)\Ijn) - aF;u/ Z ZgaT(“I’nO'#V'YE)\I]n)

n

(2.162)
to which the experiment CASPEr is, in principle, sensitive. The Cosmic Axion Spin
Precession Experiment aims to detect axion DM by using Nuclear Magnetic Resonance
(NMR) techniques [154-156]. The NMR works as follows. In the presence of a magnetic
field, EO, the spin states of a fermion split by an amount of g, uxn By as the left panel
of Fig. 2.19 shows. In the previous expression g, is the nuclear Landé factor and p
is the nuclear magneton. The spins are polarized in a volume of the sample. Let us
consider now a radiofrequency (RF) magnetic field perpendicular to By, oscillating at a

frequency wgr. When Awgr = gnun By, a resonant effect allows the RF magnetic field
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) /El cos(wgrrt)

Figure 2.19: Nuclear Magnetic Resonant techniques. On the left panel, the split generated
between the spin states by the external magnetic field. When such GAP matches the
frequency of the RF magnetic field, a resonant phenomenon occurs. On the right
panel, an illustration of the consequences from such resonant effect are shown: the
magnetisation of the sample deviates from its initial orientation and precesses.

to flip spins! Under these circumstances, the sample magnetizaton tilts and precesses,
as the right panel of Fig. 2.19 illustrates. A magnetometer located next to the sample
could detect the magnetic field created by such precessing magnetization. These NMR
techniques are very useful for non-invasive imaging and studying of the molecular
structure. Besides, they can be applied to detect DM axions as the CASPEr experiment
does. CASPEr acts as a NMR experiment with no RF magnetic field. Instead, the axion
DM is the responsible for flipping the spins.

The CASPEr experiment splits in two branches according to the coupling they aim to

probe: ’CASPEr electric‘ and CASPEr wind . Here, we briefly discuss for convenience

the CASPEr electric experiment, led by the Boston university group, which aims to
measure the EDM coupling ¢g,p. Such term in the Lagrangian from Eq. 2.162, framed
in blue, describes at low energies an oscillating nuclear EDM, Jn(t), generated by a(t)
along the direction of the nuclear spin &):

7 V/2ppM

dn(t) = gap ag cos(mat)dn = gaD

cos(mgt)an, (2.163)

a

that interacts with an external electric field £. Here, we have also assumed that p, = 1,

as CASPEr does. The non-relativistic Hamiltonian that describes such interaction is
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given by
Hepm = —dn(t) - E = Gp - (gap a0 E cos(mqt)) . (2.164)

E*(t)
The reader should be reminded that, according to the modified Maxwell equations
in 2.156, the presence of an electric field perpendicular to By induces a magnetic field
that will play the role of the RF magnetic field (B; in the right panel of Fig. 2.19). The
magnetisation, and consequently the amplitude of the NMR signal, will be proportional
to the tilt angle of the spins. The later depends on the amplitude of the EDM, given by

Eq. 2.163. In this context, the magnetization can be written as

vV 2PDM; (2.165)

M xnPFE* gaD
m

a

where n is the spin density, P is the thermal polarization (see Ref. [156]), E* is the
effective electric field present in the sample. For CASPER electric, a ferroelectric crystal
is used as a sample, since it enjoys a permanent elastic polarization that creates a strong
effective internal electric field £* with which an axion induced EDM can interact.

In Fig. 2.20 the projected bounds for CASPEr electric are displayed. Notice that it
aims to search a wide range of masses and couplings, and that Phases II and III will be
sensitive to the QCD axion band from GUT scales down to the Planck scale, although
those still rely on technical improvements. The ultimate sensitivity limit is given by the

nuclear spin noise of the sample, marked with a red shaded line in the figure.

axion Compton frequency (Hz) . .
102 10° Figure 2.20: Experimental reach of

SN1987A CASPEr Electric. The green band is
excluded by astrophysical observations.
Orange, red, and maroon regions show
sensitivity projections in Phase I, II
and III, respectively. The fundamental
quantum sensitivity limit is given by
magnetization noise, shown by the
dashed red line. Figure extracted from

phase Ill Ref. [156].

1012 10
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axion f, ~ Planck scale

1 0-20




3.- Gauging Baryon and Lepton Numbers

Let us imagine that we are cooking the tasty SM. For that, we add the needed
ingredients, i.e. three families of charged leptons, neutrinos and quarks. We follow
the known recipe by building the most general Lorentz symmetric structures imposing
gauge invariance under SU(3). ® SU(2);, ® U(1)y and, on top of that, we season
it by adding the Higgs boson. Voild! We have ended with the well-known Standard
Model Lagrangian. However, as any good meal, there might be some features emerging
in the final outcome. In this case, surprisingly, some extra symmetries which we did

not ask for arise when building it. Since nobody expected them a priori, they are

SU(3). ® SU2). ® U(l)y

= Lsm — Lsm
U()s 1

Figure 3.1: Global symmetries such as total baryon and lepton number as well as flavour
lepton number and combinations of them emerge unexpectedly from the matter content
and symmetries of the SM. They are called accidental symmetries.

known as accidental symmetries. Those are total baryon (B) and lepton (L) numbers,
and consequently any linear combination of them, as well as lepton flavour number L;.
Particularly, as will be properly addressed in Sec. 3.1, B-L, B — 3L; and L; — L; are
anomaly free. Leptons in the SM have leptonic charge 1, while quarks have baryonic

charge 1/3, since three of them are needed to give birth to a baryon. Their transformation

83
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under such global symmetries is given by
(lp,er) %einL(fL,eR) and  (qr,uR,dr) — emB(qL,uR,dR). 3.)

Therefore, in the context of the SM, both lepton and baryon numbers are conserved at
the classical level. Notice that at the quantum level, in the SM the SU(2), instantons
break baryon and lepton number by three units, although such interactions are highly
suppressed. However, they are just global symmetries, and we expect them to be broken

1 Nowadays, we are aware that the SM cannot

at some scale, as cosmology suggests.
be the ultimate theory. For instance, in Chapter 1 we saw that neutrinos are massive
and, therefore, lepton flavour number is violated by neutrino oscillations. From the
low energy perspective, we should think of the SM as a part of an EFT expansion,
i.e. an infinite tower of operators built from the SM material, respecting the SM local
symmetries. These higher dimensional operators are generated by the effect of the NP

in the UV, and are in turn suppressed by subsequent powers of the NP scale as follows,

(6) oo o
(3\%2 +ZZ z_ 3.2)

L= Lsu + %OAL:Q + Z j
% n=7 j
As discussed in Chapter 1, the first and unique dimension five operator in the above
expansion is the Weinberg operator, responsible for the Majorana neutrino mass
generation. Notice that this interaction violates total lepton number in two units, so
that it would be forbidden if lepton number was a good symmetry of the Lagrangian.
Beyond the Weinberg operator, higher dimension effective operators violating baryon
or lepton number could be present, such as the dimension-6 operator gqqf [10]. 2
This particular operator mediates the decay of the proton and, if present, predicts the
existence of a great desert between the EW and the NP scales of about thirteen orders
of magnitude. Such enormous energy gap is needed in order to satisfy the existing

experimental bounds on the decay of the proton, which will be later discussed in

Wiolation of baryon number is one of the Sakharov conditions [157] for generating the observed
matter-antimatter asymmetry in the universe.

Those appear in theories like GUTs, where quarks and leptons are forced to live in the same
representations and, therefore, the baryon and lepton number are explicitly broken.
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Chapter 6. Particularly, for the p — me™t channel [158],
7, > 10 yr = Ap > 10" GeV. (3.3)

In other words, these interactions must be suppressed by a scale at least twelve orders
of magnitude larger than the EW scale! This would be very depressing in the sense that
no one would ever hope to falsify these theories, being such scale far away from our
experimental scope.

At this stage, we may be wondering whether the existence of a great desert is really
necessary. Indeed, in QFT anything that is not forbidden will eventually happen. Baryon
and lepton numbers are merely global symmetries and nothing guarantees those to be
respected by non-renormalizable effects. However, the non-observation of neutrinoless
double beta decay (AL = 2), 733 > 10%° years, 3 and the decay of the proton (AB =
1), 7, > 103% — 1034 years, * indicates that the total lepton and baryon numbers
are very good symmetries in nature. So, what if there is no need to suppress such
dangerous interactions? What if the reason we have not seen the proton decaying yet is
because such process is actually forbidden? On the other hand, we need to understand
the breaking of baryon number to account for baryogenesis. What if these baryon
and lepton accidental symmetries are the remnant of some unaccounted local gauge
symmetry that was broken at a certain scale?

In 1973, A. Pais suggested the possibility to gauge baryon number in Ref. [161].
Although he was the pioneer in presenting such brilliant idea, he did not manage to
propose a theory for U(1)p. Other attempts to gauge baryon and lepton numbers
were done in Refs. [162-165], being Ref. [166] the first realistic model on local baryon
number ever proposed. However, this model and further proposals from Refs. [167,
168] are currently (partially) ruled out by experiment, as we will mention later. The
phenomenological study presented in the upcoming Chapters 4 and 5 is based on the
theories proposed in Refs. [169,170] and Refs. [171,172], whose content is introduced along
this chapter.

3For a review on neutrinoless double beta decay see Ref. [159].
“For a review on proton decay in several scenarios for beyond the SM, see Ref. [160].
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3.1 Anomaly cancellation

Symmetries of the classical Lagrangian are not always preserved in the full quantum
theory, as we already noticed along this thesis. Such anomalies lead to explicit violation
of the Ward identities. In the context of global symmetries, the presence of anomalies
does not really constitute a problem. However, if these symmetries are local, the
violation of the Ward identities breaks the consistency of the theory; in the presence of
such anomalous terms, gauge invariance is not further preserved. Therefore, if we aim
to gauge the accidental symmetries previously presented, special care must be taken in
ensuring that the corresponding local theory is consistent.

We saw in Chapter 2 that chiral currents are dangerous because, although being
conserved classically in the limit of massless fermions, they can obtain a non-zero
divergence at the one-loop level when coupled to two gauge currents [102,173]. Such
anomalous term is known as the chiral anomaly, and we already showed its result in
the context of abelian theories (see Eq. 2.106), which must be generalized to non-abelian
theories if we are aiming to enlarge the SM gauge group.

The relevant Green functions where the above anomaly appears are the three-point

functions involving an axial current, ° ie. ( JuJy J, ). The later arise in the triangle

graphs shown below, where the roman letters refer to the generators of the SM gauge
group that participates in the current, being X,Y and Z = 1,2 and 3 for U(1)y, SU(2)[,
and SU(3)., respectively:

Yy Y YTy, Y

(3.4)

Y5 Y5

Yp Z Yo Z
These diagrams lead to an anomalous term spoiling the Ward identities proportional to

AIX, Y, 7] = T{TF 1) T7Yy — T{T{T)  TE ), 35)

3As shown in Eq. 2106, a two-point correlation function is not enough for generating the anomalous
term regarding the Lorentz structure.
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to which we will refer as anomaly factor. In the above expression, the trace is taken over
all fermionic d.o.f. participating in the triangle diagram. The anticommutator arises as
a consequence of the two possible momentum routings displayed in Diags. 3.4.

As first proved by Adler and Bardeen [174], gauge anomalies are 1-loop exact: .
Furthermore, explicit calculations [175,176] show that, although they can occur also
in box and pentagon one-loop diagrams with an odd number of axial couplings, the
contribution to the anomaly is exactly the same as for the one-loop triangle diagram
introduced above. Therefore, if we ensure through the symmetry group or particle
content of the theory that the coefficient A[X,Y,Z] from Eq. 3.5 vanishes, we can be

sure about the consistency of the gauge theory.

SU(2) Uy
SU(3) SU(3) ) SU(2) SU©2) SU?2) SU@2) SU@2) |UQ)y Ud)y
A[33 A[32 A[223] A[2%] Al1?]
SU(3) SU(3) SU(2) SU(2)
SUB3) Uy | UQ)y UDy|SUE@) UQ)y U(ly Uy ULy SU(2)
A[321] A[123] A[221] A1%2] 123

Figure 3.2: Possible gauge anomalies in the context of the SM gauge group. Anomaly
cancellation of the red framed diagrams is ensured by the choice of hypercharges and
the number of colors in the SM.

In Fig. 3.2, all possible 1-loop triangle combinations among the spin-1 fields in the
SM are listed. Fortunately, most of them vanish for symmetry reasons. In addition,
one must make sure that the gravitational anomaly vanishes too, i.e. A[2], A[3] and A[l],

where the last one is not trivially zero and imposes restrictions among the hypercharges

This a consequence of the non-renormalization theorem [174]:
anomaly-free, all higher-order diagrams are anomaly free.

if the one-loop diagrams are
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of the SM matter content. The cases where only one generator from a non-abelian gauge
group (Pauli matrices and Gell-Mann matrices for SU(2);, and SU(3)., respectively)
is participating, i.e. A[223], A[3%2], A[122], A[2], A[3] and A[1%3], have a null anomaly
factor due to the traceless nature of the SU(N) generators. The triangle diagrams
involving pure non-abelian gauge generators are, in the context of the SM, kind of
special: the SU(3). gauge group manifests solely vector interactions with the SM
fermion content so that the contributions from LH and RH quarks exactly cancels,
whereas the group SU(2), is a pseudo-real group since the fundamental representation
behaves as the anti-fundamental one under a gauge transformation. Therefore, in
principle the only non-zero anomaly factors could come from the red framed diagrams
in Fig. 3.2 and the A[1] from the gravitational anomaly.

Starting from the combination of two SU(2)}, generators and the hypercharge one,

a b
AR?1] :NfZYfLﬁ{H{UQ,‘;}}, 3.6)
I

where Ny = 3 is the number of fermion families. We will make use the following
identities about the SU(NN) generators,

we have

1
{T*, Tb} = Né“b I+ dapeTC, or alternatively, Tr {Ta, Tb} =TRré%®, (37

where dgp,. 7 is a totally symmetric tensor, NV is the dimension of the group, and T
is the Dynkin index of the representation R. Taking into account that the SU(N)

generators are traceless, the anomaly factor reads as

1 S,
A[221] = Nf Z YfL(Sa,b mulfLN = Nf X 7[) Z YfLmulfL
fL fL (38)

Oab (1 1 N.=3
—Npx @ (2w N+ (-2 =3,
f X 5 <6 X + < 2>> 0

where IV, the number of colours and muly, is the multiplicity of a given LH fermion

under the rest of the groups in the tensor product conforming the SM gauge symmetry

"The dape tensor indeed corresponds to the anomaly factor of a pure SU(N) diagram for a given
fermion f entering in the loop, i.e. dave = 2 Tr{{T*, T*}T°} = A}**/2.
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not considered in A[X,Y,Z]. It appears as a consequence of summing over all fermionic
d.o.f. entering in the diagram.

Similarly, for the rest of the red framed diagrams,

Sab 1 2 1
A1) = Npx = > Yy muly, =) Yymuly, | o (6 X2 -2+ 3) =0, 3.9
fL fr

A%l = Np | Yimuly, > Y] mulg, (3.10)

fL fr
1\* 1\* 2\° 1\* _

= Ny <<_2> X 2+ <6> x 2 x N, + 13 — (3) x N, + <3> x N, | V=3,

Al = Np (> Vpmuly =) Yp,muly, (3.1)
fL /r

1 1 2 1 -
:Nf<—2><2—|—6><2><NC+1—3><NC+3><NC) Ne=3 g,

Luckily, or rather, as it could not be otherwise, the red framed dangerous factors cancel
individually, rendering the SM a safe and consistent gauge theory. 8 Nevertheless, when
the SM gauge symmetry group is enlarged, nothing guarantees anymore the safeness of
the new theory. Particularly, for an extra abelian gauge group, to which we will refer
as U(1)x, six extra triangle diagrams arise, which contribute to the anomaly factors as
listed below:

U(h)x
2x] = SU@2) Oab 3 !
AlZX]= - Nf?ZXfLm‘ﬂfL: Ny |(Bnpg +nr) =0},
fr
SU(2)

8Notice that, contrary to the insensitivity of A[X,Y,Z] to the number of families, the consistency of the
SM requires N. = 3 colors. Notice also that anomalies in the SM are cancelled because of the particular
values of the hypercharges. In other words, anomaly cancellation quantizes the charges of the fermions in
the SM!
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Here, np and njy represent the charges of the ¢; and /; fields under the
new force, respectively. Since in the SM there is only one quark and lepton
doublet per family, the anomaly cannot be cancelled unless n;, = —3np,
which is automatically satisfied when the new force is B-L since, in that
context, g, ~ (3,2,1/6,1/3) and ¢;, ~ (1,2,—1/2,—1). However, for pure
lepton or baryon local theories, new fermions in a non-trivial representation of
SU(2)r, would be needed. In both cases, the above anomaly factor reads as
A[22B] = A[2’L] = 3/2.

Ul)x
1)
. A[32X] = SU@B3) = Nf%b Z Xy, muly, — Z Xy,mulg,
SU(3) coi)Lred coﬁﬁed

)
= Nf%bng Z muly, — Z muly, | =0.
fr Ir

colored colored

In this triangle graph only colored fields contribute. In the last row we have
assumed that all quarks are degenerated under the new force. This is, for instance,
the case of baryon number, where np = 1/3. As we can see from above, this
anomaly factor is zero for all combinations of baryon (and trivially lepton) number

gauge symmetries.

U(l)x
o A[12X]=U)y = N;Tg ZYfZLXfL — YfQRXfR x| (3ng +nr) 20
fr
Uy

As in the previous case, if all quarks (leptons) are degenerated under the new
force, the condition for anomaly cancellation reads 3ng = —ny. Taking into
account that ng = 1/3 (n, = 1) for the baryon (lepton) charge of the SM
quarks (leptons), one can check that in the context of U(1)p_, the above graph
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is anomaly free, while for pure baryon and lepton gauge theories the anomaly
factor gives A[12L] = A[12B] = —3/2.

U(l)x
o A[X21]= UMy = Ny | Y X7 muly — ) Yy, X7 mulp, | =0.
fL fr
U(l)x

This holds for any new charge common for all leptons or all quarks and would

be equivalent to A[1] in the SM applied only to the quark or lepton sector.

U(1l)x

o A[X? =Ulx = Np Y X} =D x3 | =30} #£0|
I Ir
U(l)x

In the quark sector, the multiplicity of LH d.o.f. matches the fields in the RH
sector, so that the anomaly cancellation condition is automatically satisfied when
the new charge is common for all quarks. However, in the context of leptons,
the matter content in the SM is not symmetric and there is a cubic leptonic
charge that does not cancel. This triangle diagram, together with the following
one, requires the enlargement of the matter content by a singlet under the SM
symmetry group charged as the rest of the leptons, in order not to spoil the rest
of anomaly factors. This required d.o.f. vr ~ (1,1,0,n7) can be easily identified
as a RH neutrino. Actually, three copies of vi are needed for cancellation of the

anomalous terms in this diagram and the following one, since Ny = 3.

g

5
o AX]= Ulx = Np | DXy =Y Xy | =[3nL#0]

LL fr fr
g

which also requires the presence of three RH singlets with lepton charge ny.
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The consistency of the theory in the presence of extra gauge symmetries requires
cancellation of the gauge anomalies which, in turn, imposes relations among the fermion
quantum numbers under the new force and, in most of the cases, predicts the existence
of extra matter content. In the context of B-L, three RH neutrinos, one per family,
are required to render the theory anomaly-free. In that sense, U(1)p_y, is strongly
connected to neutrino masses, since it is the simplest gauge theory that predicts massive
neutrinos. For local baryon and lepton number theories, the matter content must be
further enlarged to cancel the extra anomaly factors involving the new mediator, all
without spoiling those where the cancellation was already achieved. There are several

options for doing that:

¢ Adding a sequential family where the new quarks have baryonic charge 1 and the
new leptons have leptonic charge 3. This option, proposed in Refs. [166,167], is

straightforward in the sense that the structure observed in nature is repeated.

* Adding a mirror family. In this case, the new quarks would have baryon number
-1 and the leptons, lepton number -3. This option was proposed in Refs. [166,167]

too.

Unfortunately, these solutions are in disagreement with collider constraints because the
new fermions would get mass from the SM Higgs boson and would change the gluon
fusion Higgs production by a factor of 9 [167]. Therefore, both of the above proposals
are currently ruled out. Besides, the LHC bounds on the masses of the new fermions
are stringent, and the theory suffers from Landau poles for the new Yukawa couplings

in the TeV region.

e Adding a fourth generation of vector-like fermions under the SM gauge group,
as the authors of Ref. [168] proposed, would avoid Landau poles. In this case,
anomaly cancellation requires that the difference between the baryon charges of
the new quarks is —1, whereas the difference of the leptonic charges for the new
leptons is —3. Unfortunately, in this scenario the new charged leptons modify
drastically the branching ratio of the Higgs into two photons, reducing it about a
factor of 3 [177], so that this proposal is partially ruled out, although the gauged
U(1)p would be still a consistent possibility.
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Let us consider instead, following Refs. [169,171], the introduction of new leptons and
baryons such that their quantum numbers allow for the simultaneous cancellation of
all anomalies listed above and, therefore, define a consistent local theory for baryon or
lepton numbers. Looking at the remaining anomalous triangle diagrams in the context
of pure U(1)p or U(1)z, it is straightforward to realize that at least a non-trivial
representation of SU(2);, must be added in order to cancel A[22,X]. But, of course,
adding a non-trivial SU(2) representation implies the addition of more d.o.f. in order
to compensate their unavoidable contribution to other triangle diagrams where anomaly

cancellation was already satisfied.

3.2 Gauge theories for Baryon and Lepton numbers

Taking into account the comments above, let us specify two simple theories where
a minimal set of anomalons (a total of six extra Weyl d.o.f.) is added in order to cancel
the A[22X] and A[1?X] anomalies (in the case of local lepton number, we are already
assuming three generations of vk in the matter content so that A[L] and A[L?] are
zero). As we will see, in both cases, a cold DM candidate arises naturally as a prediction
of the theory.

3.2.1 Model by Duerr, Fileviez Perez and Wise (DFW)

We could start by adding to the SM the simplest non-trivial SU(2), representation:
a doublet ¥, charged under the new force. We should keep in mind that this new
field will spoil the rest of triangle graphs. Let us add the correspondent chiral partner,
a RH doublet Vg, with an opposite U(1)x charge (otherwise the net contribution to
the factor A[22X] would be zero). The extra doublet helps to keep A[23] switched off
while the choice of charges with flipped signs ensures that A[X?1] remains safe. We
will also assume, without loss of generality, that the new fields are colorless. ? Now, we
should care about the anomaly factors where odd powers of the new force contribute,

ie. A[X] and A[X?3], which require the addition of extra d.o.f.. Particularly, inspired by

?Alternative solutions with the same number of representations can be found for different color quantum
numbers common to the whole new spectra. However, either by cosmological reasons or by making the
theory realistic, in these cases the matter content must be further extended. See Ref. [169] for more details.
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the SM family structure, we can add SU(2)y, singlets: ng, 17, x1 and xg, vector-like
under the SM gauge symmetry and charged under U(1)y and U(1)x such that the
contribution of the doublet fields in those is cancelled.

The aforementioned fermion content required for anomaly cancellation is listed in
Table 3.1, and corresponds to the theory for local baryon and lepton number proposed
in Ref. [169], to which we will refer as DFW theory.

Fields SUB). SU2)r UQ)y UQ)x
Uy = (99, 0,)7 1 2 -1/2 X
Vg = (0%, 0T 1 2 -1/2 X
R 1 1 -1 X,
L 1 1 -1 X
XR 1 1 0 X,
XL 1 1 0 X5

Table 3.1: Fermionic representations in the DFW model proposed in Ref. [169]. The label
X = B or L, where in the last case 3 copies of v ~ (1,1,0,1) must be also added.

The hypercharges of the new fermions in Table 3.1 should satisfy that

1
2 2 2 _
Yo+ Vg —2vg =g, (3.12)

imposed by the A[12X] factor. In the following, we will stick to the choice Yy =
—1/2,Y, = —1, and Y,, = 0 for simplicity. On the other hand, the A[2?X] require the

following relation among the new charges:

X — Xo = -3, (313)

which is crucial for understanding the relevance of these theories. 1

YA[X] and A[X?] are automatically satisfied regardless of the relation between the baryon / lepton
numbers.
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The most general Lagrangian under the G(SM) ® U(1)x gauge symmetry and the

given matter content reads as

1 .
L=Lou+Lx, where Lx=—1BYB" - %BWB“”’X +Lp B
is the kinetic term of the new mediator, being Bifl, = 8MZ:, - &,Z;L the field strength
tensor of the U(1)x field and e the parameter quantifying the possible kinetic mixing
with the hypercharge gauge boson from the SM, which will be discussed in detail in

Sec. 4.1.2 from Chapter 4. The interacting Lagrangian reads,

LY = ixTxL + iXRPXR + LD + TRPNR + iU PV, + iV PVE  (315)
— 1V Hng — y2ViooH xr — ysWrHnL — ys W giooH xp — Y, lriooH vg 4 hec.,

where D), = 0, + igW/‘joa/Q +igyY B, + ianXZ/:, being Y and nx the U(1)y
and U(1)x charges, respectively, of the field on which the covariant derivative acts, and
gy, g and gx, and W, B,, and ZL the strength coupling and the vector bosons of the
SU(2)r, U(1)y and U(1)x forces, respectively. The last term in the above Lagrangian
should be included when the gauged symmetry is the lepton number.

As Eq. 315 manifests, the anomalons are massless fields in this context since no

mass term is allowed by the gauge symmetry.

3.2.2 Model by Fileviez Perez, Ohmer and Patel (FOP)

An alternative to the previous procedure towards an anomaly-free U(1)r, p theory
is to cancel the contribution of the two SU(2);, doublets, needed to account for the
non-zero A[22X] term, by introducing an extra non-trivial SU(2);, representation. The
adjoint representation does not contribute to the A[23] diagram because of its real
nature. If chosen hyperchargeless, it does not enter neither in the diagrams involving
the U(1)y generator. However, it does enter in the A[22X], but the right choice of
hypercharges can lead to a simultaneous cancellation of all triangle diagrams within
the presence of an extra SM-singlet, charged under the new force. In that sense, this
theory, proposed in Ref. [171], is simpler than the one previously introduced regarding the

number of representations needed for anomaly cancellation. Furthermore, the baryon
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or lepton charges are unambiguously fixed. Note that, as in the previous case, the two

different new baryon or lepton charges differ in three units.

Fields SU®B). SU©2), U(l)y U)x

Uy = (vf,v)T 1 2 1/2 3/2

Up = (V5 09T 1 2 /2 =3/2

YL = (EOL/\E *1 ) 1 3 0 —-3/2
S —S9/Ve

XL 1 1 0 —-3/2

Table 3.2: Fermionic representations in the model proposed in Ref. [171]. The label
X = B or L, where in the last case 3 copies of vg ~ (1,1,0,1) must be also added.

In this context, the Lagrangian corresponds to that given in Eq. 3.14 with now,

L£P% = ixpDxp + i {SLPSL} + iV Py + iU PVg (3.16)
—y1UrHxp — g2 H' W] Cx — ysH'STCV, — ysUrS L H + hec,

where D, ¥, = 0,5 + ig[Wﬁaa/Z, Y] — i%gXEL for the SU(2), triplet. We note
that here, as in the previous case, the anomalons are massless, what renders the theory

unrealistic unless a mechanism for their mass generation is implemented.

3.3 Spontaneous breaking of local B and L symmetries

We now understand how anomaly free theories for baryon and lepton numbers can
be promoted to local quantum field theories. In the case of B-L, all extra triangle
anomalies are automatically cancelled by adding three copies of a RH neutrino. Since
the vg ~ (1,1,0,1) can get a Dirac mass through the Yukawa interaction with the
Higgs boson, there is no phenomenological need to break this symmetry. The reader
may complain about the existence of a massless neutral gauge boson Zp;, in such case;

however, it should be stressed the possibility for the B-L generator to acquire mass
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through the Stuckelberg mechanism, thus letting the gauge symmetry untouched. !
Although the Stuckelberg mechanism constitutes a successful way out to render abelian
anomaly-free theories realistic, this is not the case for pure local baryon and lepton
numbers. In contrast with U(1)p_r, new fermion fields are required in order to ensure
anomaly cancellation in U (1) 5 and U(1) 1. As we have seen in the previous section, the
gauge symmetry does not allow a mass term for these fields in the Lagrangian, whereas
a realistic theory requires them to be massive in order to satisfy the experimental
constraints. The later can be achieved by adding an extra scalar, singlet under the
SM but feeling the new symmetry, which will allow us to understand how baryon and
lepton number local symmetries can be spontaneously broken. In both scenarios, the
later can be achieved by adding a scalar boson S, singlet under the SM gauge group
and charged under the new force, where X = L or B. This scalar can acquire a vev

via the following scalar potential:
VX:—/AQX‘S)(IQ—|—AxlSX|4—|—)\HxHTH|Sx‘2. (3.17)

The SSB generates a mass term for the anomalons through the following interactions in

the Duerr, Fileviez Perez and Wise model,
— LIV =V + Mg U VR Sx + A\ TRNL Sx + Ay XE Xz Sx + he. (3.18)
On the other hand, in the Fileviez Perez, Ohmer and Patel proposal, Lg is given by,
—LPP = Vs + M UL Ug Sx + M\ X1 Cxz Sx + As Tr{STC ¥} Sx +he. (319)

Notice that anomaly cancellation, which constrains the relation among their quantum

numbers under the new force, in both cases accomplishes the following relation,

IAX| = | Xxheld _ xtield) — 3 (f Majorana [2X84] = 3) =  Sx ~(1,1,0,3),
(3.20)
which fixes the charge of the new scalar boson and, consequently, how lepton and

baryon numbers are violated. From the above we can conclude that, in these theories,

UFor a review on the Stueckelberg mechanism, see Refs. [178,179].
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the baryon or lepton number is broken in three units, curiously in the same amount as in
the SM! This is indeed good news for us! By gauging baryon number the gauge symmetry
protects the stability of the proton. However, as previously mentioned, there is evidence
in the universe that requires the violation of baryon number: the matter-antimatter
asymmetry, according to Sakharov’s criterium [157]. For U(1)p, we have seen that we
are actually forced to spontaneously break the local symmetry in order to generate
masses for the enlarged matter sector. Amazingly, the consistency of the theory predicts
such breaking to occur in three units! In other words, the dangerous dimension-6
operators with AB = 1 remain forbidden and the proton is stable to any order in
perturbation theory. > The previous statement has a strong consequence: there is no
need for a great dessert since no suppression is needed, so that in principle the baryon
force can be broken at the low scale. On the other hand, the theory allows us to

understand the spontaneously breaking of baryon number.

ind

E

Low ScA Ll‘,"7

gGH ScAL

Figure 3.3: The fact that in these simple theories for local U(1) g the baryon number is
broken in three units renders the proton stable so that there is no need to postulate a
great dessert between the EW and the scale of NP. Image adapted from Ref. [180].

Another striking prediction of the spontaneous breaking of U(1)r,  is the existence
of a cold DM candidate. The lightest fermion from the new sector is automatically
stable, and its stability is a consequence of the baryon or lepton gauge symmetry.

When the new force is spontaneously broken, a remnant global symmetry protects the

T%BQOAB=3
tritium. However, as they are suppressed by twelve powers of the NP scale, Ap ~ Agw would still be
consistent with the current experimental bounds.

“The reader may wonder about the allowed operators, that could mediate the decay of the
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lightest new fermion from decaying; such symmetry is a Z, when Majorana fermions are
involved (FOP), while it promotes to a U (1) x in the presence of Dirac fermions (DFW for
X1 # —X3). This is an unexpected and highly appreciated present from these theories,
given the need to understand the relic abundance in the universe (see Chapter 2 for
more details). Tt should be emphasized that, in this context, the prediction of a DM
candidate is a pure consequence of requiring anomaly cancellation, and that there is no
need to impose to the theory any discrete symmetry by hand. Finally, it should be also
stressed that in these theories the mass of the DM candidate is determined by the scale
of lepton or baryon number violation, and therefore it is connected to the mass of the
new mediator. As we will see in the following chapters, this connection has dramatic
consequences for such scale.

This class of theories will be discussed in detail in Chapters 4 and 5, being the first
chapter devoted the study of local baryon number and the last one, to gauge theories

involving the lepton number.

3.4 Experimental lower bound on the NP scale

At this point, the reader might be convinced that these theories could exist in nature
being an attractive justification for the existence of the accidental symmetries in the
SM, providing an answer to the DM abundance in the universe that the SM cannot
satisfy, predicting the stability of the proton and allowing us to understand the origin of
dynamical baryon and lepton number violation. In the context of gauged lepton number,
they naturally account for neutrino masses too. Despite that, some skepticism may still
be reflected under thoughts like Would be nice if these theories exist, but if they really do,
would I notice them?. In the scenario where B-L remains as an unbroken local theory,
there are indirect ways to track their unavoidable footprints in the phenomenology, as it
will be later discussed in Chapter 5. However, for the broken gauge theories, regardless
of the new fermions arising as a consequence of anomaly cancellation, there is a clear
representative to look for: a massive gauge boson, Z’, whose mass will define the
baryon or lepton number violation scale. Surely, the possibility to notice these theories
is closely related to the capacity of our eyes (the current set of experiments we dispose)

to detect such particle, in other words, to achieve such scale.
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Figure 3.4: Summary of
10 ] the collider bounds in the

LEP U(1)p—r scenario in the
9BL-Mz,, plane. The red

3 107! line corresponds to the bound

S / from LEP [181], while the pink

/ line corresponds to dilepton

1072/" searches at the LHC with

LHC V5 = 13 TeV and 36.1 fb~!

10-3 - = (182].  Figure extracted from
My [GeV] Ref, 183].

The experimental bounds on an abelian massive gauge boson depend on the nature
of its interactions with the SM particles. For a Z’ coupling to leptons, there is a pretty

strong bound coming from the LEP collider [181] ,

Mgz,
gL

> 7 TeV, (3.21)

where gy, refers to the coupling associated to a leptophilic abelian gauge boson Z;.

This bound relies on the coupling with leptons, and hence, it can also be applied
to the gauge coupling gp; and boson Zp; from U(1)p_y. Furthermore, dilepton
searches at the LHC can also be used to constrain the U(1)p_1, scenario; particularly,
the result from ATLAS for center-of-mass energy /5 =13 TeV and 36.1 fb~" of integrated
luminosity [182] is relevant in the region Myz,, < 4 TeV. In Fig. 3.4, the LHC and LEP
bounds are shown in the gpr-Myz,, plane. As it can be appreciated, if the gauge
coupling is of order one, gpr, ~ 1, the gauge boson must be heavier than 7-8 TeV.

A different and more hopeful scenario takes place when a leptophobic gauge boson
is considered, which would be the case for the generator of U(1)p. When tracking
the outcome signals, jets are not as clean as leptons and, therefore, the bounds placed
by colliders are weaker for a leptophobic gauge boson. Fig. 3.5 shows a collection of
the relevant LHC bounds, placed by both ATLAS and CMS, on a leptophobic gauge

boson Zp which is assumed to interact with the SM quarks according to the following
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coupling:

1
—L£> 398 G2 5, (3.22)

where 1/3 is the baryon charge of any quark ¢; in the SM. According to Fig. 3.5, there

= CMS 8 TeV, 18.8 fb~!
1.0 = CMS 8 TeV, 19.7 fb~!
0.8F CMS 13 TeV, 35.9 fb~!
== CMS 13 TeV, 36 fb'& 27 fb~!
&) 0.6
& = CMS 13 TeV, 18.3 fb!
0.4f CMS 13 TeV, 35.9 fb~!
0.2F — CMS 13 TeV, 41.1 fb~!
ATLAS 13 TeV, 3.6 fb~!
0.0 : ‘ ‘ ‘
10 50 100 500 1000 ATLAS 13 TeV, 37 fh™!

Mz, [GeV] ATLAS 13 TeV, 29.3 fb

Figure 3.5: Experimental bounds for the leptophobic gauge boson Zp5. Those correspond
to the CMS analyses (8 TeV and 18.8 fb~! [184], 8 TeV and 19.7 fb~' [185], 13 TeV and
35.9 fb~! [186,187] and 411 fb~! [187], 13 TeV and 36 fb~! & 27 fb~' [188], 13 TeV and
18.3 fb~! [189]), and ATLAS results (13 TeV and 3.6 fb~' and 29.3 fb~! [190)). Figure
adapted from Refs. [191,192].

is full of room for a light Z boson with a not so-weak coupling to matter! Indeed, if
such light boson exists, the LHC has enough potential to discover it; there is no reason
for waiting years and years aiming to see NP in future colliders because we do already
have the tool to explore in more detail the parameter space where these theories could
live. In order to close the chapter with an optimistic feeling, let us highlight here two
concrete examples of dijet bounds on a leptophobic gauge boson, collected in Fig. 3.6.
The left panel corresponds to the bound placed by ATLAS to a dijet mass distribution
for \/s =13 TeV and 29.3 fb~! in the range 450 < Mz, < 1800 GeV [190], while the
right panel shows the statistically combined CMS data from 2016 and 2017 on the limits
in the mass vs. coupling plane for 50 < Mz, < 220 GeV [187]. As the reader can
distinguish from both figures, there is a small excess greater than 20 around Mz, =1
TeV (left panel) and a 2.2 standard deviations from the background-only expectation
in Mz, = 115 GeV (right panel). The excess in the left panel arises only when the
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35.9 b (2016) + 41.1 fb™ (2017) (13 TeV)
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Figure 3.6: Bounds from ATLAS [190] (left panel) and CMS [187] (right panel) on the mass
vs. coupling plane. The plots show an excess around 1 TeV in the left panel and at 115
GeV in the right panel.

background estimation takes into account the concrete U(1)p model while the excess
of the right panel, which was a 2.90 deviation for 2016, was not confirmed with the 2017
data set, where there is a local deviation of 0.50. Although they probably disappear
with patience and more statistics, these bumps illustrate the capacity of our current
detectors to see such class of gauge bosons.

To summarize, experimental bounds on a Z’ bring hope to still detect local baryon
and lepton number theories at scales close or even below the EW scale. These bounds
provide themselves the answer to the skeptical reader Yes, you can notice them. And it
is not as if these theories were lacking of motivation! They allow one to understand the
origin of the accidental symmetries in the SM, they can predict missing pieces of the SM
puzzle such as neutrino masses or a so-aimed DM candidate. Let us close this chapter
with a spoiler that may increase even more the motivation of the reader: as it will be
addressed in Chapters 4 and 5, in the context of the most motivated theories where the
lightest neutral anomalon plays the role of a DM candidate, the theory has to live at
the low scale. Hence, our answer can be rectified to Yes, you will notice these theories!.
And hopefully this chapter itself exposed enough reasons to convince the reader that
those are perfect candidates to be under the spotlight of the phenomenological and

experimental research.
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Chapter based on the work done in 1810.06646, 1904.01017 and
2003.09426.

In Chapter 3, the possibility of promoting the global symmetries baryon and lepton
number to local theories was discussed. In here, we will focus solely on the first option.
In the SM, the so-called baryon number is an accidental global symmetry at the classical
level which is broken at the quantum level by the SU(2) instantons in three units. In
theories for physics beyond the SM, there are two possibilities for baryon number
violation: 1) Explicit breaking, and 2) Spontaneous Violation. The baryon number is
explicitly broken in theories such as the Minimal Supersymmetric SM (MSSM), where
one can have the so-called R-parity violating terms, or in Grand Unified Theories,
where we have the unification of quarks and leptons in the same representations and
the symmetry is broken at the very high scale Mgyr > 10'® GeV. The only way
to understand the spontaneous breaking of baryon number is to think about theories
where the baryon number is a local symmetry. Let us summarize here the main features

of those, discussed in Chapter 3:

e Simple anomaly free theories based on U(1l)p can be defined, where the
consistency of the theory predicts the stability of the proton. In the context
of these theories, there is no need to postulate the existence of a great desert
between the EW and the NP scales.

* One predicts the existence of a cold DM candidate in this context. It is protected
by a remnant global symmetry after SSB and its mass is defined by the scale of

the new force.
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e The spontaneous breaking of baryon number at the low scale is possible in
agreement with all experimental bounds in particle physics and cosmology,

without the need of hiding the theory behind a very small gauge coupling.

In this chapter we provide a detailed study of the properties of a leptophobic cold DM
candidate based on a local U(1) 5 and analyze the strong cosmological implications on

this class of gauge theories.

4.1 Theoretical framework

The aim of this section is to build from the common key features of the motivated
models for local baryon number a simplified model containing the relevant DM
candidate interactions. For that, we should first understand the SSB of baryon number
and the nature of the predicted cold DM candidate.

4.1.1 Spontaneous symmetry breaking

In order to generate masses for the fermions composing the new sector, as discussed
in Chapter 3, a scalar boson Sp ~ (1,1,0,np) with baryon charge np = 3 has to be
introduced. It should be reminded that np is fixed by anomaly cancellation, which
requires the difference between the two different baryon charges of the anomalons to
be 3 units, as shown in Eq. 3.13. This relation is a key prediction of the theory; the
proton is absolutely stable, and therefore, the symmetry can be broken at the low scale.
The spontaneous breaking of U(1)p (also of the EW gauge group) can be triggered
through the following scalar potential, which is composed of the SM scalar potential
plus that from Eq. 317 with X = B:

2
V= 2 HH + Ay (HTH) — 131852 + A5lSE|* + Ams (HTH) 1S5 @D
Therefore, in the unitary gauge, the scalar bosons read,

1 0 1
H=— , and Sp=-—(sp+vp). 4.2)
V2 It vy V2
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By taking into account that the vevs are non-zero in the zero temperature vacuum of
the theory, which is required for the theory to be phenomenologically viable [193], the

minimum conditions read as,

2 2
v v
—M%{—F)\va-f—)\HB?B =0, and —/LQB—I—)\B’U%—F/\HB?B =0, 4.3)

which lead to the following veus,

PEAHB — 2B\l
2 — IApAn

WEAEE — 214 AR
N2 — A

2

vE =2 and v} =2 (4.4)

For this solution to be a minimum, according to the conditions stated by the second

partial derivative test,

9%V 9%V
o(H?  B(HSE)?| 2Am Aup = 0. and Vv - 5)
82V 82V Aip 2\g O(H)?

SEH2  9(Sg)2

and imposing the potential to be bounded from above, we should require that
Lo
Furthermore, perturbativity of the couplings appearing in Eq. 4.1 further imposes:
)\H§4ﬂ', )\B §47T, and /\HB §47T. 4.7
After SSB, the mass matrix for the Higgs bosons reads as,
) v%)\ H VoUBAHB h
M3 = <h sB> , 4.8)
VBUOAHB  UBAB SB
which must be diagonalized in order to find the physical states. The latter are given by

h1 = hcosfp + spsinfp and ho = sgcosfp — hsinfp, 4.9)
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where the mixing angle, 6, is determined from the rotation that brings the mass matrix

in Eq. 4.8 to its eigenbasis, defined by

AHBVOUB

tan20p = ———— .
B )\Hfug—)\Bv%

(4.10)
Collider searches of a new scalar that mixes with the Higgs combined with
measurements of Higgs properties provide constraints on the mixing angle [194,195].
In our study, the mass of the second Higgs is above the EW scale, and hence, we take
the bound

sinfp < 0.3. 4.11

The masses of the physical fields (eigenvalues of Eq. 4.8) are given by

A2 0202 1/2
Mi%l :/\HU(2)+)\BU%_<)\B'U2B—)\H’U(2)> (1+ ;IB 0 32 2) ’
()‘HUO - )\B'UB) a2

2 2 2 2 2 N pYgvE s
My = Agvy + Apvp + (Apvg — Ay 1+
ho HYp BYpB ( BYB H 0) < ()\Hv(% - )\szB)2> ’
where the expressions listed in Eq. 4.4 were taken into account. The above relations
allow us to rewrite the quartic couplings in the scalar potential as a function of the

Higgs masses and the mixing angle, as follows:

1
i =1 (M} + M}, + (M7, — Mj,) cos20p] < 4, (4.13)
0
1
\g = s [Mﬁl + M}%,Z + (M}%2 — Mgl) coS 293] < 4m, (4.14)
B
1 5 2y .
)\HB = QUOUB (Mhl - th) Sin 293 < 47T, (4'15)

where in the last part of the above equations we have imposed the perturbative bounds
on the scalar couplings in the Higgs sector (see Eq. 4.7). Taking these constraints
into account, together with the conditions to ensure the vacuum stability of the scalar
potential stated in Eq. 4.6, restrictions between the masses of the new scalar and the
new mediator, M}, and Myz,, and the scalar mixing angle 65 unavoidably appear. On

the left panel in Fig. 4.1 the allowed parameter space in the Mj,-Mz, plane is shown
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Figure 4.1: On the left panel, parameter space in the M},-Myz, plane allowed by
perturbativity bounds, Ag7, A\p, Agp < 4m, and the condition from Eq. 4.6. Here, the
different colors correspond to the different values for the gauge coupling g5 according
to the legend. On the right panel, the available ho masses as a function of the scalar
mixing angle fp are shaded in orange, as a consequence of the condition from Eq. 4.13.
In gray, the parameter space ruled out by the phenomenological bound on the scalar
mixing angle sin fp < 0.3 is displayed.

for different values of the new gauge coupling gp. As the figure shows, for a given
Mz, ie. for a certain baryon violation scale, there is an upper bound for the Mj,,
which depends on gp. Furthermore, Eq. 4.13 allows us to determine the upper bound
on the new Higgs mass as a function of the mixing angle 6p, as the right panel of
Fig. 4.1 shows. Remarkably, for the maximum mixing angle allowed, the second Higgs
cannot be heavier than 3.5 TeV, regardless of the baryon number breaking scale.

Once the theory undergoes SSB, fermions acquire mass through the Yukawa
interactions, and the gauge bosons of the broken symmetries acquire mass from the

covariant derivative of the scalars responsible of breaking such symmetries,
1
(DMSB)T(D“SB) D —591237123@]2323ng, (4.16)

where np = 3 is the charge of the scalar breaking U (1) 5. Hence, the mass term of the

new gauge boson is given by
Mz, = 3gBvB. 4.17)
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We note that Mz, defines the scale of baryon number violation. It couples only to

quarks and to the new baryons from the theory, i.e. we have a leptophobic gauge boson.

4.1.2 Kinetic Mixing

The simultaneous presence of two or more abelian gauge symmetries allows for a
mixing term among their field strength tensors in the Lagrangian. Particularly, in our
case we expect kinetic mixing between the U(1)y and U(1)p gauge groups, as we
showed in Eq. 3.18 from Chapter 3. This parameter can be constrained by studying the
properties of the Z boson in the SM, see e.g. Refs. [196,197]. The most general Lagrangian
that can be written under the gauge group SU(3).®SU(2)®U(1)y ®U(1)p involving

the neutral gauge bosons of the theory is given by

1 1 1 i
£5 =1 BuB" — STk { W, W} — 2B, B" — SI%BWB’W
1 1
+ 5 (aWay — gy By) (W4 — gy B*)vg + S By, B (418)

=D Ui [oy(YLPL +YRPr)By + gPLT W] s + 57 3 _ "B,
% %

where Y}/ are the hypercharges of the LH/RH fields interacting with the hypercharge
gauge boson B,,, up = 3gpup is the mass term generated after the SSB of U(1) and
sin e parametrizes the kinetic mixing between both Abelian gauge bosons B, and B,
being Bj, the mediator of U(1)p. '

There are different paths to bring the kinetic terms in the first line of Eq. (4.18) to
an orthonormal form via a non-orthogonal transformation. For convenience, we choose
a change of basis that does not modify the well-known relation between the neutral SM

gauge bosons. The later can be achieved through the following transformation of the

B, and BL fields:
B 1 —t B
s ey (P 419)
B/Q 0 sec e BL

'Note that the charge of the SM quarks under the baryon force is 1/3.
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which renders the kinetic Lagrangian for the gauge bosons orthonormalized and leads

to the following Lagrangian mass terms

1
2 (gWsy, — gy (By — tan €B),)) (gWh — gy (B* — taneB™))

L O =
g
1
+3 (i sec’e B}, B, 4.20)
with the mass matrix in the neutral gauge boson basis (W7, By, B},):
1 g2v§ —gygv(z) gy g tanev%
Mg =7 —gvguvd 9 —g% tan e vg
gy g tane vg —g% tane v(z) g%/ tan 118 + 4u23, sec?e
(4.21)
Now, by rotating the W' and B* fields as it is done in the SM,
B cos 6 — sin @Y A
o = o ", (4.22)
W3, sin 6y, cos Oy, Cu
where
g S - (4.23)

cosfy = —2Z——, and sinbY = ,
oy + g Vv +9°
the photon decouples and we are left with the following mass matrix for the still

unphysical neutral gauge bosons C, and B;:

0 0 0
1
Mg =710 (9% + 9%)v5 \/gmgy tanev?  |. @29
0 \/NQY tan e vS 4u23/ sec? € + g%/ tan? e U(Q)

The mass matrix in Eq. 4.24 defines &,

C,= cos&Z,+sinéZp,,
" g $Zbu (4.25)
BL = —sin§ Z, + cos§ Zpy,
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Figure 4.2 Experimental
constraint on the kinetic
mixing, sine, as a function of
the Zp mass. We have used
the measurement of the Z
boson mass. Figure extracted
AMy = £2.3 x 10-5M, from Ref. [192].

102 10°
My, [GeV]

sin €

1074

i.e. the angle of the final rotation towards the physical basis, which is given by

29y \/ g% + g* tan e vg
tan 2§ =

) 4.26
4p%, sec? e + g2 tan? evd — (g% + g%)vd (4.26)
with the following eigenvalues defining their masses:
Mj =0, (4.27)
1 1
M3 4, = 3 (g3 sec? e + g%) vg + 5;@23/ sec? e

1
+ g\/(él/ﬂB, sec? € + (g2 sec? e + g2)v(2))2 —16(g2 + g?) %, vE sec?e.

As expected, in the limit € — 0 we recover the original masses in the Lagrangian for Z
and Zp.

We can now apply the high precision measurement of the Z boson mass to constrain
the kinetic mixing parameter, sine. The mass of the Z boson has been measured to

be [198]

AMy; My — MM
sai =z o < +23x1077, (4.28)
MZ MZ

where the last number is the one standard deviation uncertainty in the experimentally
measured Z boson mass and it will constrain the shift induced by the kinetic mixing.
In Fig. 4.2 we show this constraint in the Mz, vs sine plane; as it can be seen, the

kinetic mixing is very constrained and has to be very small. Recently, the CMS [199] and
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the LHCb [200] collaborations found stronger constraints for this mixing parameter for
Mz, < 200 GeV by searching for the direct production of a new gauge boson. Given
its small impact in the phenomenology, we will neglect the kinetic mixing in the rest of

our study.

4.1.3 Towards a simplified model for dark matter

Starting from the model proposed by Duerr, Fileviez, and Wise (DFW) [169], whose

Lagrangian, from Egs. 3.15 and 3.18, can be written as

Lporpw = Lsy — Q?B (@ Zyar + urvuZ5ur + dryuZ5dR)
+ ULV +iURDPYR +ixX DXL + iXpDXxRr + T DL + iNp Pk
+ (DuSp)(D"Sp) — V(H,S) — (y1 V. Hng + y2V pioco H* xr + y3 ¥ rHny,
+ yWricoH*xp + Ao VrYLSB + N\TLneSE + M\ XrXxrSs + h.c.), 429

where Lg)s is the Lagrangian of the SM, and V' (H, Sp), previously discussed (see
Eq. 4.1), contains all the relevant terms for the scalar fields.

As addressed in Chapter 3, anomaly cancellation predicts the existence of new
colorless, electrically neutral and charged fermions. After SSB, the mass matrix of the

new neutral fermions is given by

— —\ (Mg My vo
_ (5,0 0 R
Mo = <\I/L XL) < ) X) (X%) + h.c., (4.30)

whose mass terms are listed below,

AvvB A UB
— , M, =220 My=22 and M, =22 4.3
NG T !

For the charged fields, the mass matrix reads as

N (M M) (v,
Mo = (v} ) <M3 M) (nR>+h.c., (4.32)

n

My
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where the entries of the mass matrices are given by
M’] = )\n’UB/\/i, M1 = ylvo/\/§, and M3 = ygvo/\@. (4.33)

In this theory there are two potential DM candidates: the neutral field living in the
doublet representation of SU(2);, ¥°, and the singlet x. The pure SU(2);, DM
candidate couples directly to the Z boson and it is excluded by DD constraints (see
Appendix B from Ref. [191]). Hence, we will focus on the scenario where the DM
candidate is a singlet under the SM gauge group. In this limit, our DM is generally a

Dirac fermion 2

X = XL t XR; (4.34)

with mass A, defined by the scale of symmetry breaking, i.e. the scale of baryon
number violation. We will also asume the limit of the Yukawa couplings 3o and y4
being very small because, only in this case, we can avoid large interactions between our
DM candidate and the Z gauge boson.

Excluding x, the rest of the anomalons do not affect the contribution of the DM
candidate to the relic abundance because of their heavier masses. Therefore, we will not
consider them in the Lagrangian of the simplified model, although we will come back to
the electrically-charged anomalons when studying the production of gamma lines, since
they play a key role there. A very peculiar feature of this theory, in contrast with most
of the simplified models for DM in the literature, is that here both the DM candidate
and the new gauge boson get mass from the SSB of the local baryon number. Taking

into account Egs. 4.17 and 4.31, both masses are related as follows:
A
M, =—"2X_M,..
T 3o

It should be stressed that the DM candidate is connected to the SM through a vector

and a scalar portal, as Fig. 4.3 schematically shows. The vector portal is mediated by the

(4.35)

gauge coupling gp, while the scalar one is controlled by the degree of mixing between

the new and the SM Higgses, given by 5. The vector portal occurs through the kinetic

2As long as X1 # —Xo.
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Z#
X> X .'}’.\.{<.\{\.’.

hg h]

Figure 4.3: DM portal to the SM through the new vector boson and the mixing between
the new scalar, responsible of the U (1) breaking, and the SM Higgs.

term of the DM candidate:

Lorw D iXLPx1 + XePxr

= —gpBoXrZ XL — 9BBIXRZBXR
By 4+ By By

— B
T+ ———2 X2 = _7XZB(BH —375)Xs

= 95X |y 5

(4.36)

where B = Bj + Bs and the anomaly cancellation condition in Eq. 3.3 has been
applied. 3 We note that, in this case, the DM interacts vectorially and axially with the
new mediator, in contrast with the solely vectorial interaction of the Zp with the SM

quarks:

Lorw D iQLPQL + idplPdp + R Pug = —%B@Z]’;m-, Vg CSM.  (437)

The scalar portal opens after SSB, when the DM interacts indirectly with the SM content
through the scalar mixing in the broken phase. The term responsible for the DM
mass —Lprw O Ay XL XR SB + h.c. connects both sectors via the mixing, as Fig. 4.3
illustrates. In the broken phase, one can write a simplified Lagrangian where only the

relevant interactions for the DM candidate are considered:

sim 9B _ 9B _ )\X — )\Xf
= —=—q; — BI— — = X h
3
Lhrw 3 q Zqu 9 XZB( 375))( <\/§'UBXLXR+ \/§XLXRSB + .c.)
(4.38)

3The baryon charges of the new sector in this model are given in Table 3.1 taking X; = B;.
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Taking into account Eq. 4.9, the mass of the DM given in Eq. 4.31 and the mass of the
Zp from Eq. 417, the above Lagrangian can be rewritten as
cim = — 9B 70 — LB 2 (BT — 3v5)x + My X
DFW — 3 9i4BVudi B X4BTu V5)X x XX
(4.39)

M )
+ 39— (cos Oghsy + sinfgh1) XX.
My,
where y is a Dirac field (see Eq. 4.34). Notice that in total there are six free parameters

characterizing this theory:
MX7 MZB, Mh27 93, B, and gB- (4.40)

Notice also that in the specific case where B = 0, i.e. By = —Bo, the baryon charges
shown in Table 3.1 are fixed, ie. B; = —3/2 and By = 3/2. Furthermore, the neutral

nature of the DM allows for the following extra Majorana terms in the Lagrangian,
Lorw O Ay X1 COXL S — Mep Xk Cxr SB + hec.. (4.41)

After diagonalizing the corresponding mass matrix, assuming without loss of generality
that A\, < Ay, Ay, we would get a Majorana DM candidate x = x, + (x1)¢. In this
context, we gain the reduction of one d.o.f. (since B is fixed to zero), but we pay the
price of a new mixing angle in the x masses.

On the other hand, let us start with the alternative realistic model for local baryon
number proposed by Fileviez, Ohmer and Patel (FOP) [171],

Lrop = Loy — %B (@251 + TRYu Zlur + druZbdg)
+(D,Sp) (D*Sp) — V(H,Sp) + iV DV + iV DU, +iT{S DL} + ix, Pxi
—yUrHxL — yo H' W] Cxp, — ys HISTCU ), — s U S H — A\ TP Sh

A XFCx1Sp — AT {21 C¥1}SE +he,, (4.42)

where DFyp = 9%y — i(39p/2)Zl5x1, and DFY = O*Sp + iglo®/2WE, XL —
igB%ZgE 1. It is remarkable that this theory only requires four new representations

for anomaly cancellation whose baryonic charges are totally fixed. In this case, the DM
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candidate is genuinely Majorana,

x =xr+ (xz)% (4.43)

ie. x = x% The scalar boson needed to break the U(1)p is exactly the same as in
the previous model, Sp ~ (1,1,0,3), so it is the SSB mechanism through the scalar

potential. In this context, the anomalons get mass after SSB in the following way:
c Leromo ™ — (51 wh) My (zf wi) +h 4.44
FOP D 5% 0p — (X5 Yp)Mz(Xp ¥ ) +he, (444

where g = (\IJOL (v, 9 XL>’ and the mass matrices are given by

0 %)\\WB —Ly300 %ygvo .
1 _1 1 2Anv —
Apvp 0 Y400 Y100 V2Xsvp
_ 2 2 2 _ 2
My = \[1 . V2 , and My = Yo o5
—3Ysvo  —syato  V2Asup 0 Yso )\\Ilﬁ
T5Y200 Y100 0 V2 B
(4.45)

In the following we will adopt the limit of very small Yukawa couplings y; — 0 under
the same motivation from the previous scenario.

Notice that the Majorana mass term in the Lagrangian,

Lror O — M XECxLSB + he. = =AM XTCxiSp — Moxi CT(xd)TSs,  (446)

can be rewritten, by using —C(y*)T = v*C (see Appendix A), as

Lror O — My (x2.Cx1.Ss + (X)LC(X°)LSH)

SSB

(4.47)
= Ay (’UBXTCX + hysinOpxT Cx + hg cos HBXTC'X) /\/5,

where x is the Majorana DM (see Eq. 4.43) and in the last row from Eq. 4.47, we have
written that Lagrangian in the broken phase. Now, looking at the kinetic term of the x,
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field, one can also rewrite it as a function of the 4-component Majorana field as follows,

o il — .
Lrop DX PxL = —5 (—XJ?PLX + (x¢) P Prx )

= —% (Ylp%PLX + @lD’YBPRXC> (4.48)

= —% (YLZD%XL + (XL)C]p’YB(XL)C) = —%Ylﬁ%x,

where we have used that v5 Py, = —Pp, and 75 Pr = P, and the relation x¢~, Prx® =
—X7VuPrLx (see Appendix A).

Taking into account the relevant d.o.f. for the study of the DM, the Lagrangian of
the simplified model can be identified as

3 - M, . ~ 1
L35 D ZQBXZB%( _ %BQZBQ + ﬁ(sm Oph1 — cosOgha) XX — 5J\4X><X,(4.49)

in the FOP case, where the DM mass can be read from Eq. 4.47,
M, =V2\vp. (4.50)

It is remarkable that this realization of local baryon number contains only five free

parameters this time,
M,, Mz,, My,, 0p, and gp. (4.51)

In both DFW and FOP models, sinfp < 0.3 is bounded by collider constraints as

~

Eq. 4.11 states, and the gauge coupling is bounded by perturbativity as follows,

V2
9B < 3 i ) (4.52)

which comes from the largest gauge interaction in this theory:

9
(D*Sg)(D,Sp) D —§g%S2BZgZBN. (4.53)
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Finally, we should emphasize again the connection between the DM candidate and the

leptophobic gauge boson. Because of the perturbative bound on the Yukawa coupling

A < V2m,
Mz, S 398

M, —2ym

The above condition has strong implications in the theory because, as we will see,

(4.54)

together with the cosmological bound on the relic density and the perturbative bound on
the gauge coupling, they impose an upper bound to the scale of baryon number violation
at the few-TeV. Having such small number of free parameters to control the theory and
knowing how they are related allows us to study in great detail the phenomenology of
the DM candidate. We note that the simplified Lagrangian from Eq. 4.49 is also valid for

the Majorana limit of the DFW model up to a couple of small differences:

e In this context, the DM candidate has a baryonic charge n’é = —3/2, while in
the Majorana limit of the previous scenario n}; = 3/2. This has only a small
implication in the annihilation of the DM to quarks: in the DFW model the

diagrams interfere destructively while in the FOP model they add constructively.

e Apart from assuming small Yukawa couplings 1,42, y3 and y4 to avoid large
mixings between the DM candidate and the rest of the anomalons, in the Majorana
limit of the DFW model one has to further assume A\, < A\, < A, for making
use of the simplified Lagrangian in Eq. 4.49.

In the following, we will study the properties of a Majorana DM candidate based
on the simplified Lagrangian from Eq. 4.49. This scenario will be compared with the
predictions in the Dirac case, being the main difference the freedom in the choice of
the total baryon number B. The reasons why we opted for the Majorana nature of the
DM, apart from being more minimal in the sense of number of free parameters and
representations describing the theory where it is embedded, will become clear when

going through the phenomenology of the DM.
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4.2 Phenomenological and cosmological bounds for DM

In this section we present a numerical study of the properties of the DM candidate
and investigate its viability by contrasting the possible parameter space of the theory

based on local baryon number with the existing experimental constraints.

4.2.1 Relic density

As derived in Chapter 2, the contribution to the relic abundance of a certain field
is inversely proportional to its annihilation cross-sections. Having a complete theory as
starting point, i.e. knowing all the Feynman rules of the model, allows us to investigate
in detail the DM annihilation channels of the theory. In this context, the DM can

annihilate as follows:

X ZB X ZB X ZB X Zp
= ‘ + j}f: + >h{‘: (4.55)
X Zp X Zp X Zp

X Zp
X q _ _
X q X q

% q— X q X q
X "0 hz P ————— b% —e h; X Lo hi

A - + "‘o\'\‘ + > -h-k- .‘~‘ (4'57)
X . h; X —&---- hy X—=< Ny X *h
X Z Zn X j/\/\, Zp X . ¢ 78

-~ = ZB “‘ + + “\ (4‘58)
% *. hs X hi X ----h; X s hi

(4.59)
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ie.

XX = qq, ZBZB, Zph1, Zgha, hihi, hiha, hohy, WW, Z Z.

Notice that the channels Zghy, hihi, hihe, WW and ZZ are suppressed by the
mixing angle #p. The vertices colored in red denote an axial interaction, which is a
consequence of having a Majorana DM candidate. See Sec. 2.1.1.4 from Chapter 2 for
more details on their implication on velocity suppressed amplitudes.

For the numerical study of the relic abundance we have implemented the model in
LanHEP 3.2 [201] and performed the calculation of Qxh2 using MicrOMEGAs 5.0.6
[73]. Moreover, we performed an independent calculation in Mathematica.

Besides the cosmological constraint on the measured relic abundance by the Planck
satellite Qxh2 = (0.1197 4 0.0022 [202], there are other bounds that must be taken
into account. The Zp mediator couples directly to quarks and would appear as a
resonance in dijet searches at the LHC. In our work, we apply the bounds from CMS
and ATLAS, discussed in Section 3.4 from Chapter 3 and present the excluded regions
in the upcoming figures in purple bands. These collider bounds, shown in Fig. 3.5 from
that chapter, have a strong dependence on the coupling g5 and disappear for gp < 0.1.
In the upcoming figures, the region shaded in red represents the parameter space ruled
out by the perturbative bound on the Yukawa coupling, A, < /2. Similarly, in the
following figures, the yellow region will show the parameter space ruled out by the
perturbative bound on the scalar quartic coupling, Ap < 4. In order to proceed with
the numerical analysis, the mass of the second Higgs will be fixed to M}, = 500 GeV
and the mixing angle to zero, i.e. f5 = 0. * We also impose the perturbative bound on
the gauge coupling previously discussed, gp < v/27/3 (see Eq. 4.52).

In Fig. 44 we show the allowed parameter space by the cosmological, theoretical
and collider bounds for different values of the gauge coupling gp. In order to develop

a better understanding of our results, we show in Fig. 4.5 explicitly which channel from

“The choice of zero scalar mixing can be motivated as follows. In the SM, the EW phase transition
occurs around Tegw =~ 160 GeV. For masses above the TeV scale (which is the region preferred after
considering LHC bounds), we find the DM freeze-out temperature to be xy ~ 26 — 29. Consequently, for
M, =z 5 TeV the freeze-out temperature is above the EW phase transition, and hence, at the time when
DM freezes out the Higgs field has zero vacuum expectation value and there is no scalar mixing. It is
important to mention that the bounds from the relic density constraint are very similar in the case where
one considers a non-zero mixing angle.
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Figure 4.4: Parameter space allowed by the relic density constraint, LHC bounds
and perturbative bounds for four different scenarios, gg = 0.1 (top-left), gp = 0.3
(top-right), gg = 0.5 (bottom-left) and g5 = Vor /3 (bottom-right). We take M}, = 500
GeV and no mixing angle. The region in blue is excluded by 2, h? < 0.12 and the
region in red (yellow) is excluded by the perturbative bound on the Yukawa coupling A,
(scalar coupling Ap). The horizontal purple bands are excluded by the LHC bounds on
the leptophobic gauge boson mass. Figure extracted from Ref. [203]

Diagrams 4.55-4.59 dominates the viable parameter space shown in Fig. 4.4. We color
each region depending on the dominant annihilation channel; namely, the one that
gives the largest contribution to the relic abundance at freeze-out. The region in dark
blue corresponds to the area in parameter space where annihilation into quarks is the
dominant channel; this happens near the resonance M, ~ My, /2, to which we will
refer as resonance region. The rest of the allowed parameter space, as the shape of
these figures show, will be called plateau. In there, the region in light blue is where
the annihilation into ZgZp is the dominant one. This occurs due to the resonance

XX — h3 — ZpZp when M, ~ M}, /2 =~ 250 GeV. This resonant behavior can be
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easily appreciated in the upper left panels in Figs. 4.4 and 4.5. In there, one can see that
such resonance is cut close to the diagonal M, ~ Mz, because the ZpZp channel

becomes kinematically closed above. The region in which the k9 hs annihilation channel

Op =0, gp=0.3

10° 10* 10° 10*
M, [GeV] M, [GeV]

Figure 4.5: Regions in the M, versus Mz, plane that satisfy the relic density constraint
Qxh2 < 0.12, the colors indicate which annihilation channel is the dominant one. We
fix Mp, = 500 GeV and 65 = 0. The horizontal purple bands are excluded by dijet
searches at the LHC. The region in red (yellow) is excluded by the perturbative bound
on the Yukawa coupling A, (scalar quartic coupling Ag). Figure extracted from Ref. [203].

is the dominant one is colored in dark green. The latter is velocity-suppressed since at
the freeze-out, vpy = 0.3 (see Eq. 2.151); consequently, this channel is dominant only in
a small region in the parameter space. Once the Zpho channel becomes kinematically

open, it becomes the dominant channel, as illustrated by the region in light green.
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As commented at the end of the previous section (see Eq. 4.52), the perturbative
limit on the gauge coupling g5 = +/27/3 is responsible for the existence of an absolute
upper bound on the symmetry breaking scale, since it constitutes the scenario where
the largest masses for the DM and the Zp can be achieved in consistency with the
cosmological and perturbative bounds on the Yukawa couplings. For M}, = 500 GeV

and Op = 0, the upper bound is given by
My, < 28 TeV. (4.60)

As it can be appreciated, from Figures 4.4 and 4.5, this upper bound on the gauge boson
mass, and therefore on the baryon number violation scale, is defined by the annihilation
into quarks (resonant region), while the upper bound on the DM mass, M, < 34 TeV,
is determined by the Zphy channel. This bound for My, is an extreme case in the
sense that assumes the largest possible gauge coupling; in turn, as these figures show,
the lower the gauge coupling the shorter the resonant region. On the other hand, as
Eq. 4.54 shows, the smaller the gauge coupling, the stronger the bound on the ratio
between the Mz, and M,, so that the upper bound on the Zp given by the plateau
is lowered too. Hence the theory is expected to live at most around the 20 TeV scale.
This striking feature tells us that there is hope to test or rule out this theory in the near
future.

The reader may wonder how the results would be affected if the DM candidate was
a Dirac field. In that case, one has an extra free parameter in the theory, entering
in the cross-section of the annihilation channel o(yx — ZpZp) o« B*. However,
we note that the parameter B cannot be arbitrarily large, otherwise the coupling £ D
—9B/2 BXZ'%5v,x would spoil perturbativity. Therefore, the behaviour of the parameter
space satisfying the relic density bound is analogous to the Majorana case up to some
differences: since Dirac DM allows for a vector coupling with the leptophobic gauge
boson, the annihilation into quarks do not suffer from velocity suppression. Hence,
depending on the B choice, the resonant region could determine the upper bound on
the baryon number violating scale, although it will still be around O(10) TeV. In Fig. 4.6

we show the branching ratio for the different channels in the zero-mixing case with
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respect to the total thermal averaged cross-section, assuming xy = 24 in the context of

a Dirac (left panel) and Majorana (right panel) DM candidate.

Dirac Majorana
1.0F 1.0F ,
|
0.8} 0.8} :
P XX —qq . |
= 0.6} _ 1 = os} [
£ g XX Zels £ g
& 0.4f — = Zsh {5 0.4f
= XX = hahs
0.2} ] 0.2
0.0k 0.0
0 1 2 3 4 0 1 2 3 4
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Figure 4.6: Branching ratios for the different DM annihilation channels when the mixing
angle between the Higgses is 5 = 0. For illustration, we use the following values for
the input parameters: Mz, = 3 TeV, M, = 1 TeV, gp = 0.5, xy = 24, and B = —1.
On the left panel, Dirac DM has been assumed, while in the right panel, the DM is
Majorana. Figure in the left panel extracted from Ref. [191].

4.2.2 Direct Detection

Our DM candidate can interact with quarks in the nucleon (V) via exchange of either
a leptophobic gauge boson or one of the physical scalars through the Higgs mixing, as
shown in the diagrams below. In those, the red, blue and green dots represent axial,

vector and mixing suppressed vertices, respectively.

X X X O X X T X
Zp + F - o
N ————N N————N N ——0——N
(4.61)
These processes with two different mediators do not interfere with each other so that
TOT _

the spin-independent cross-section between x and a nucleon can be written as oy =
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O'XN(ZB) + UXN(hi), where

27 g, M3
cw(Zs) = g (4.62)
B
2
72G gpM: (1 1
SI F ;2 2 4 B 2
oyn(hi) = sin® 0 cos® Op M - fn, 4.63)
e V24n SV UVERS VERS B

v is the DM velocity, My refers to the nucleon mass, G is the Fermi constant and
for the effective Higgs-nucleon-nucleon coupling we take fy = 0.3 [204]. We note that
the above expressions are independent of the nucleon matrix elements because protons
and neutrons have a definite baryon number. This allows us to obtain clean predictions
for the elastic scattering since we do not rely on any non-perturbative calculation.

The axial coupling between x and Zp leads to velocity suppression of the
interaction mediated by Zp, which can be factorized out from that cross-section in
the following way,

0'3;% =oyn(hi) + O';)(N(ZB)’U2. (4.64)

As commented in Chapter 2, DD experiments assume that the leading term in the
cross-section is velocity independent, i.e. o5 = o9 + O(v?). Then, according to

Eq. 2.57 from Chapter 2, the differential rate would be given by

dR - 00 0 /vmax dR DDexp
; dE

1B M, My og - vf(v)dv < — . (4.65)

v

In order to apply these bounds also to the velocity suppressed cross-section, we should
take into account that for the scattering mediated by the Zg, og = 1)2081, so that the

differential rate in this case reads as,

dR 00 Umax
- v / o f(v)dv (4.66)

'min
3
Therefore, we proceed as follows,

DDexp

e (4.67)

oxn(hi) + 0N (Zp)vi < o
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where agj'i]eXp is the upper bound on the scattering cross-iction given by the DD
experiments, and the effective velocity is given by the ratio v3 /v, where the averaged
velocity is the velocity of the DM convoluted with a Maxwell-Boltzmann distribution.
We find that veg ~ 0.001 c.
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Figure 4.7: Predictions for the DD spin-independent cross-section as a function of the
DM mass. In the left (right) panel we present the predictions for §5 = 0 (sinfp = 0.3).
All points agree with the measured relic abundance by the Planck satellite Q,h* =
0.1197 £ 0.0022 [202] and satisfy constraints from the LHC. The solid black lines show
current experimental bounds from Xenon-1T [205,206], the dashed black line shows the
projected sensitivity for Xenon-nT [81] and the dashed gray line shows the coherent
neutrino scattering limit [83]. Figure extracted from Ref [203].

In Fig. 4.7 we present the predictions for the spin-independent cross-section for
different values of gp. To select the points displayed there we proceed as follows. First,
we select those points that give the measured relic abundance of Q,h* = 0.1197 +
0.0022. Then, we remove those points that do not satisfy LHC and/or perturbativity
bounds. This is the reason behind the discontinuities in the scan shown. The left
panel shows the results for 65 = 0 and, as expected, due to the velocity suppression
the points with DM mass above the TeV scale lie below the neutrino floor and will
escape detection from future experiments. In contrast, for the maximal mixing allowed,
sinfp = 0.3, all the points that saturate the relic density are ruled out by DD bounds
except for those that lie close to the hy resonance (M, ~ M, /2). The later is shown in
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the right panel in Fig. 4.7. For intermediate values of the mixing angle, the predictions
lie in between these two regions, and thus, some of these points will be probed by
future DD experiments, such as Xenon-nT [81].

To complete the discussion, let us refer to the predictions for a Dirac DM candidate in
the context of the simplified Lagrangian shown in Eq. 4.39, where the spin-independent

elastic nucleon-DM cross section is given by
2 072 a2
oSl = 9sMy M
XU An My My My vg(My 4 My)? (4.68)
. 2
x [2BgpuoMji, M7, + 3fn M My Mz, sin(20p)(Mj;, — M;)]".

As the above equation reflects, there is no velocity suppression in this case, and therefore
one expects the DD bounds to have a stronger impact in the available parameter
space, being therefore more damaged that the Majorana case. This is an advantage

for considering Majorana rather than Dirac DM.

4.2.3 Gamma Lines

Apart from DD, as discussed in Sec. 2.1.2 from Chapter 2, there are indirect ways
to detect DM. In this section, we will discuss the prediction and observation of gamma
lines. We will argue that the extra fermions required to make the theory anomaly-free
also lead to DM annihilation into photons. Consequently, the photon spectrum will
contain features that could be observed in future telescopes.

In order to predict the cross-sections for xx — vy, vZ, vhi,

X v

(4.69)

we need to study the full spectrum of the anomaly-free gauge theories based on U (1) .
These processes are quantum mechanical and can be predicted only after anomaly

cancellation is understood, i.e. their predictions are model dependent. Since we have
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two beautiful and complete theories behind our DM study, we will now investigate the
gamma line predictions in the context of these models: DFW [169] and FOP [171].
Gamma lines are typically suppressed with respect to other processes contributing
to the continuum of radiated photons, such as final state radiation (FSR) processes,
making it hard to observe them. However, it is possible to have scenarios in which
the processes that contribute to the continuum close to the gamma lines are highly
suppressed so that they become visible. In Sec. 2.1.2 from Chapter 2 we concluded
that in order to distinguish the gamma line from the continuum spectrum, the theory
must contain: (a) a Majorana DM candidate, (b) new electrically charged fields with
a non-zero axial coupling to the new mediator. Both conditions are satisfied in the
context of local baryon gauge theories! Consequently, there is hope to observe the

striking phenomenological signal of gamma lines. °

4.2.3.1 Predictions for Gamma Lines

The relevant interactions for the DM annihilation into gamma lines are encoded in

the following Lagrangian,

f (g%*‘ + gﬁv“w) fZ,,
(4.70)

where f refers to the electrically-charged fermions entering in the loops from

£2 ng(”‘/’y tn 77>f Z, - sin Oy cos Oy

Diagrams 4.69, where the three different possibilities to generate gamma lines are
represented. As discussed in Chapter 2, the annihilation channel to h;v is velocity
suppressed, so that we will neglect it in the following. On the other hand, the
cross-section for the gamma lines coming from xx — 77 and xx — 7Z can be
large. Those are listed, together with the suppressed xx — 7vh;, in Appendix B. With
this information at hand, let us study the gamma line production in the context of the

two simplest models for local baryon number:

¢ Model DFW.

In this context, taking into account that electrically-charged fermions with axial

couplings to the Zp are needed, only the charged anomalons ¥~ and n~, defined

3This is another argument for considering Majorana DM versus Dirac DM.
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as Dirac fields in the broken phase:
U™ =V, + U, and N =n, +np 4.71)
will contribute to the DM annihilation into gamma lines:

Y

4.72)

1z

The relevant Lagrangian in this case is given by

LOFW 5 U= AT e An + — G20
tan 20y,

- 3 — _ 3 — _
—etan Oy n~Zn _igB\I/_ZB'}%‘II +§gB77_Z375777 4.73)

from which one can read the couplings to the Zp gauge boson: ny’ = 0, n% =
3/2, n?;: O_and nZ;: —3/2, zind the couplings to the Z boson: g“I/F: —%,
g A7: 0, g?/ = sin? Ow and 9,131 = (. Note that, in this case, the anomalons
only interact with the Z boson vectorially, so that only the vertex combination in
Diag. 4.72 survives. In the limit where y; = y2 = y3 = y4 = 0, the masses for

the new electrically-charged fermions, as stated in Egs. 4.32 and 4.33, read as

Ao M A M
o =45 and M, = CnZs
3v2g5 3V2g5

The upper bound on My, derived from relic density constraints defines a global

(4.74)

upper bound for the new charged fermion masses since the Yukawa couplings Ay
and ), are bounded by perturbativity. Moreover, the perturbative bounds define

an upper bound for each mass of the new mediator. Hence, for a given Mz, and
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Figure 4.8: Predictions for the DM annihilation into two photons (left panel) and a
photon and a Z boson (right panel) in the context of Model DFW. We set M}, = 500
GeV and 65 = 0. The value of My, is chosen such that every point satisfies Q,h* =
0.1197 £ 0.0022, different colors correspond to different values of the gauge coupling
gp. All points shown pass LHC and direct detection constraints. The regions colored
in yellow are purple show the excluded parameter space by the Fermi-LAT [87,88] and
H.E.S.S. [207], respectively. The dashed brown line shows the projected sensitivity from

the CTA collaboration [208]. Figure extracted from Ref. [203].

M., the masses of the anomalons are constrained to be in the following range,

aB

2
My < Mg+ < 3\/7?MZB,

4.75)

where fT symbolizes any of the charged new fermions; the lower bound comes

from ensuring the stability of the DM candidate whereas the upper bound comes

from perturbativity on the Yukawa couplings. We note that the DM candidate and

the anomalons satisfy the same perturbative bound.

In Fig. 4.8 we present the predictions for the DM annihilation into gamma lines

for different choices of gp in the context of DFW model for the two relevant

annihilation channels. All the points shown saturate the relic abundance, and

satisfy collider and DD constraints. From Egs. (B.2) and (B.4) in Appendix B we
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can see that when the charged fermions have the same mass, the cross-section
vanishes. We have taken the maximum mass splitting by choosing My- =
1.3M, (in order to ensure the stability of the DM candidate), and Mnf =
2\/TtMz,/3gp, ie. the largest value allowed by perturbativity. Additionally,
for each point we check that Eq. (4.75) is satisfied.

Model FOP.

In this context, the relevant Lagrangian for the gamma lines reads as

LFOP o L SFANT — U put — —© SFgyt - ¢ GFzut
tan Oy tan 260y
3 — 3
+§gB\P+Znys\If+ - 5932%3752*, (4.76)

where X1 and U correspond to the Dirac fields contributing to DM annihilation

into gamma lines, defined as

st=%7 + (25 and Ut =) 4+ 0f, 4.77)
v
»t vt
7 Q = N >t o4 “ yt (4.78)
v.Z

From the above Lagrangian, one can identify the couplings to the Zp boson:
n“I}Jr =0, n%ﬁ = —%, n‘zf+ =0, n§+ = %, and the couplings to the Z boson:
g“I/’+ = %, ggf =0, g?ﬁ = cos? Oy and gi+ = 0. Also in this case the Z boson
has a purely vector interaction with the charged anomalons (see Diag. 4.78). In
this scenario, in the limit where the couplings i1 = y2 = y3 = y4 = 0 the masses

for the new electrically-charged fermions, according to Eq. 4.45, read as

MM, 22y M
=175 and MEJrzi\[E Ze

M - 9
v 3v2¢g5 398

4.79)
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Figure 4.9: Predictions for the DM annihilation into two photons (left panel) and a
photon and a Z boson (right panel) in the context of FOP model. We set M}, = 500
GeV and 65 = 0. The value of My, is chosen such that every point satisfies Q,h* =
0.1197 £ 0.0022, different colors correspond to different values of the gauge coupling
gp. All points shown pass LHC and direct detection constraints. The regions colored
in yellow are purple show the excluded parameter space by the Fermi-LAT [87,88] and
H.E.S.S. [207], respectively. The dashed brown line shows the projected sensitivity from
the CTA collaboration [208]. Figure extracted from Ref. [203].

In here there is also a global upper bound on the charged fermion masses defined
by the upper bound on the Mz, the gauge coupling gp, and the perturbative
bounds of the Yukawa couplings. Therefore, as in the previous scenario, the

masses of the anomalons must be in the range defined by Eq. (4.75).

In Fig. 4.9 we present our predictions for the DM annihilation into gamma lines
for different choices of gp in the context of FOP model. As in DFW model, the
points satisfy ,h? = 0.1197 & 0.0022 and the masses of the anomalons are

chosen to maximize the splitting among them: My+ = 1.3M,, (for ensuring the

stability of the DM) and My+ = 2/7Mz,/39B.

Regarding the gamma lines, the only difference between both models is the coupling

of one of the extra fields to the Z boson. Consequently, for the same choice of masses,



132 4. Leptophobic Force

the ~yy line (left panel from Figs. 4.8 and 4.9) is the same in the context of both models,
but there are small differences for the vZ line (right panels from Figs. 4.8 and 4.9). As
it can be appreciated, for the DFW model the predictions are slightly weaker than for
the FOP model (due to the fact that n~ 1~ Z coupling is suppressed by tan?fy with
respect to the XX Z coupling, as shown in the Lagrangians from Eqgs. 4.76 and 4.73).
The signals displayed in Figs. 4.8 and 4.9 are, unfortunately, in a region that remains
a few orders of magnitude below from the current experimental sensitivity. However,
we would like to remark that these two U(1)p models are two of the most motivated
SM extensions that predict axial interactions between electrically-charged fermions with
the new mediator that allow the predictions for the DM annihilation into gamma lines,
although being small, to be different from zero. Furthermore, as discussed in Chapter 2,
the fact that they predict a Majorana DM is crucial regarding the visibility of the gamma
lines. This is because, from Eq. 2.74, one can see that the FSR process are either velocity
or mass (M,/Mz,) suppressed in that context. Therefore, in this case, one can hope to
distinguish the gamma lines from the continuum spectrum and that future telescopes

test or rule out these predictions.

4.2.3.2 Gamma Line Spectra

The prediction for the gamma-ray flux is discussed in Sec. 2.1.2 from Chapter 2.
Here we apply it to our results in the context of the DFW and the FOP models for local
baryon number.

In the upper panels of Fig. 410 we present our results for the differential spectrum of
DM annihilation into gamma rays for parameters satisfying the correct relic abundance
in Model DFW and different values of the energy resolution £ = {0.01,0.05,0.1}. As
it can be appreciated, the gamma lines can be easily distinguished from the continuum
spectrum because the FSR processes are highly suppressed. However, for gamma ray
telescopes with energy resolution larger than 5% it is impossible to distinguish the
gamma lines between the xx — v and xx — 7% annihilation channels. In the lower
panels of Fig. 4.10 we also show the predictions for the differential spectrum of the DM
annihilation into gamma rays for different values saturating the relic abundance in two

different scenarios in the context of the FOP model.
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Figure 4.10: Differential spectrum of the DM annihilation into gamma rays for two
different scenarios that satisfy ,h% = 0.1197 £ 0.0022 [202] in DFW model (upper
panels) and FOP model (lower panels). We set M}, = 500 GeV and 65 = 0. Lines with
different colors correspond to different energy resolutions £ = {0.01,0.05,0.1}. Figure
extracted from Ref. [203].
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4.3 LHC phenomenology of U(1)p

Nowadays, thanks to the great effort of the experimental collaborations at the LHC
we know well the properties of the SM Higgs and the existing experimental constraints
on its decays and production mechanisms. See for instance Ref. [198] for a detailed
discussion. The Higgs boson, however, could open a door to a NP sector. The LHC could
discover new decays and/or production channels for the Higgs boson and, combining
different searches, we could have access to new interactions and discover new particles
with masses below the TeV scale.

In this section, we investigate the effect of the existence of a new interaction with a
leptophobic gauge boson in the SM Higgs phenomenology, i.e. possible new decays and
production mechanisms. In this case, as discussed in Chapter 3, the leptophobic gauge
boson can be light with mass below the EW scale in agreement with all experimental

bounds and without the necessity to assume a tiny gauge coupling.

4.3.1 Leptophobic Gauge Boson at the LHC

Let us start presenting the decay rate of the leptophobic mediator in the scenario
where it is the lightest particle from the U(1)p sector. The partial decay width of the
leptophobic gauge boson Zp with mass Mz, is given by

2 M 4M2 2M?2
I'(Zp — qq) = 9336:3 1-— M2‘1 <1 - MQ") , (4.80)
Zp Zp

where M, is the mass of a given quark. In the left panel in Fig. 411 we show the decay
width of Zp for different values of the gauge coupling gp as a function of its mass. In
red, we show the regions that are ruled out by the collider bounds shown in Fig. 3.5 in
Chapter 3. The decay width of the Zp allows us to infer which are the permitted values
for the decay width of the leptophobic gauge boson. Moreover, with this information
of the decay width at hand, we can predict the different cross-sections relevant for

different collider searches. In the right panel in Fig. 4.11, we present contours of I'z, in

8See Ref. [209] for a report on future studies at the LHC.
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Figure 4.11: Left panel: Decay width of the Zp boson as a function of its mass. The
regions highlighted in red are excluded by searches at the LHC. To the right of the
dashed vertical line the decay channel Zp — tt is open. Right panel: Contour lines
for the decay width of the Zp boson in the g vs Mz, plane. Figure extracted from
Ref, 192].

the gp-Mz,, plane. From this figure, we conclude that a Iz, of order GeV is already
mostly excluded.

As Fig. 3.5 from Chapter 3 shows, there is hope to produce this gauge boson at
the LHC with large cross-sections, what makes it possible to study its properties. The
hadronic production cross-section reads as

1 dLrp
opp — XY)(s) = / dr— 5(qq — XY)(3), (4.8

o dr

where 0(qq — XY)(8) corresponds to the partonic cross-section and

acrkt L dx T T

qu - /7— ? [fq/p (ac,y,) f(j/p (;M‘) +fq/p (57#') f(j/p (xﬂu'):| : (4.82)
In the above expressions, the parameter 7 = §/s, where § is the partonic center-of-mass
energy squared, s is the hadronic center-of-mass energy squared, 79 = (Mx + My)?/s
is the production threshold, and p is the factorization scale. Let us study the different

partonic cross-sections where the Zp can contribute:
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Di-quark production,

<y
Y

99 — Zp — 44, (4.83)
q q
whose cross-section through the leptophobic gauge boson is given by

9p\/5 —4MG (2M2 + 3)
(4.84)

9727V/5 {(g — M%B)z +M%BFQZB} ’

o(qq = Zp — qq)(8) =

where we have neglected the quark masses in the initial state.

Di-boson production, which takes place through the following channels:

q ——— NN\ 23 q ———— ZB
qay + qay .(4.85)
§ ———INAANN- 7,725 WE q ——— Z. 75 W=*

Taking the quarks to be massless, the cross-section for the process g7 — ZgV
where V=27, W*, Zp is given by

n g2 2 2
o1 = ZpV)(s) = gBl(S;VW; %) [-2V7()

(Mg + M3 )* + 52 VI(s)+s— M — Mz
+ 5 5 log 5 5 , (4.86)
s — My — Mz, VI(s)—s+ My + Mz

where the overall factor n = 1(= 1/2) corresponds to having distinguishable

(indistinguishable) particles in the final state,

f(s) = My, —2M{ (M3, +s) + (Mg, — s)?, (4.87)
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and the coefficients Cy, and C'4 correspond to the vector and axial couplings of

the gauge bosons, respectively, which are given by

g L3 .2 9 3
ZpZ: Cy = -3~ 0 =—— 7 T3 (488
pZ: Cy cos Oy (2 g — Qgsin W>, Ca Ycosly 1’ (4.88)
g g
ZgW*E: Oy = 2=, Cy = ——2—, (4.89)
b Voo A 2V2
ZpZp: Cy = %B, Cy = 0. (4.90)

e For the process g7 — Zp~y, described by diagrams in Eq. 4.85 but replacing the
EW bosons by a photon, the averaged squared amplitude is given by,
2e% Q5 gp[My, —2M3 t + s> 4 2t(s + t)]

[M(qq — Zp7)|* = O D . @
B

where (), corresponds to the electric charge of the quark. In order to compute
the proton-proton cross-section we impose the following cuts on the rapidity and

the transverse momentum:
In| <25, and pp > 150 GeV. (4.92)

These cuts will be also applied in the channels pp — Zpq and Zpgg.

 For the process q¢ — Zpg, described by the same feynman graphs as those
shown in Eq. 4.85 but replacing the EW bosons by a gluon. We have

895 gpIMy, — 2MZ t+ s> + 2t(s + t)]

- 2

(4.93)

where gg corresponds to the strong coupling in the SM. In here we also make use
of the cuts listed in Eq. 4.92.
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e For the process qg — Zpgq, characterized by the following diagrams,

g ZB g ZB

+ q ; (4.94)

the averaged squared amplitude is given by

o 7oV2 _ 9595 My —2M3 s+ 2s* + 2st + 12
| (a9 > Z5)|" = 27 s(s+t—M2)
Zp

, (4.95)

and we follow the same procedure as the previous processes, using the cuts from

Eq. 4.92 to compute the proton-proton cross-section.
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Figure 4.12: Production cross-sections at the LHC for center-of-mass energy of 14 TeV in
units of picobarns. We fixed g = 0.2 for illustration. On the right side of the vertical
axis we show the expected number of events assuming 300 fb~! for the integrated
luminosity. The regions shaded in gray are excluded by LHC searches for the Zp boson.
Figure extracted from Ref. [192].

In Fig. 4.12 we present our results for the production cross-section for different channels
that involve at least one Zp, fixing the gauge coupling to gg = 0.2. These results

correspond to the LHC with center-of-mass energy of 14 TeV and the number of events
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shown on the right vertical axis corresponds to an integrated luminosity of 300 fb=!.
The model has been implemented in FeynRules 2.0 [210] and the cross-sections
obtained using MadGraph5aMC@NLO - v2.7.0 [211] (at tree-level), we cross-checked
our results in a Mathematica notebook where we use of the MSTW2008 [212] set of
parton distribution functions. From Fig. 4.12 one can see that the dijet cross-section
dominates across the plot, and in the region Mz, > 2M, the process pp — Zp — tt
can be large as well. The process pp — Zpq can be significant, since there is a large
contribution from the parton distribution function of the gluon in the initial state. We
note that the pp — Zp~, Zpq and Zpg channels are relevant for searches in the low

mass regime.

4.3.2 Exotic Decays of the SM-like Higgs

In extensions of the SM with a leptophobic gauge boson [166,168,169,171], its mass
generation comes from the vev of a new Higgs boson charged under U (1) 5, and hence,
the models have two Higgs scalars that can mix with each other, as described in Eq. 4.9.
After SSB, the SM-like Higgs (h1) will have the following coupling to the Zp:

M
hy ZgZE : 2@'TBBQ‘“’ sin 0, (4.96)

where 0p is the mixing angle in the scalar sector, defined in Eq. 410, Mz, = npgpvp
and np is the baryon number of the scalar breaking U(1)p. In the context of the
minimal models for local baryon number, ie. DFW and FOP, ng = 3. Since the

leptophobic gauge boson can be light, the SM-like Higgs can have the following decays
hi — ZpZp, Z5Zp,

depending on the Zp mass.
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ZB
Zp
hy =------
hy ===---- . @9
2B
Zp
q

Notice that the couplings between the SM-like Higgs and SM particles will scale by a
factor cos . By computing the total Higgs decay width Ty, = cos® 0pTsy + Iesu,
where in our case I'ggy corresponds to the decay into two leptophobic gauge bosons,

we can quantify the impact of these novel decays of the SM-like Higgs. In our study we
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Figure 4.13: Branching ratios for the channels hy — ZpZp and hy — ZpZ}; — Zpqq.
The left (right) panel corresponds to g = 0.2 and sinfp = 0.1 (sinfp = 0.05). The
region shaded in red shows the exclusion bounds from the constraint BR(h; — BSM)
< 0.34. The region shaded in gray corresponds to the exclusion bounds from direct
searches for the Zp boson at the LHC. Figure extracted from Ref. [192].

take the bound sin 6 < 0.3 [195], according to Eq. 411. Current LHC measurements of
the properties of the SM-like Higgs boson give the following constraint on its branching
ratio into BSM particles [213]

BR(h; — BSM) < 0.34  at 95% C.L., (4.98)
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Figure 4.14: Exclusion bounds in the gp vs Mz, plane. The region shaded in red shows
the exclusion bounds from the constraint on the SM-like Higgs branching ratio BR(h —
ZpZp) < 0.34, while the blue dashed line corresponds to BR(hy — ZpZp) = 0.1. The
region shaded in gray is excluded by searches for the Zp at the LHC. The left (right)
panel corresponds to sinfp = 0.1 (sin #p = 0.05). Figure extracted from Ref. [192].

which is obtained assuming the production of the Higgs in the SM. Therefore, we scale
the bound by the ratio between the production cross-section for the Higgs in the SM
with the one in this model, which is given by BR(h; — BSM) < 0.34 x (a,sli\/l/ohl) =
0.34/ cos? fp. The width for the new two-body decays, hy — ZpZp, of the SM Higgs

boson is
GBME’1 sin? 6p
16v/27

with x = M%B/M,%1 and Gp = 1/(v20v3).
The three-body decay, h1 — Zp(p1) q(p2) G(p3), is given by

F(hl — ZBZB) =

V1 -4z (1 -4z +122%) (4.99)

I'(h ZBqq) = 1 L v d = d A(h Q97 %4 100
— = ——a— — .
(h B4q) 2n)? 32M,§Z’1 /p§n2in D12 /pggn D23 | (h1 — qq B)‘ )
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Figure 4.15: Predictions for the associated production cross-section pp — Z5; — Zphy
at the LHC with center-of-mass energy of 14 TeV. The gray region is excluded by the
LHC bounds, while the red region is excluded by the bound on the branching ratio of
the new Higgs decays. The scalar mixing angle is fixed to sinfp = 0.3 for this plot.
Figure extracted from Ref. [192].

Neglecting the quark masses we have that

Pt =Mz, P =M,
min __ 0 max __ 1 B M2 M2 i (4.101)
Pz =Y, Pa3 (P12 ZB)( h1 p12),

P
where p;; = (p; + pj)? and the spin-averaged squared amplitude is given by
8 g% M%B sinfp
2.2
3V ((P23 - Mz, + M%BFQZB)

— M2 Y M? — _
VI - (p12 7:)( i P12 — Pa3) 4102
MZB

Ay — qqZp)|° =
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In Fig. 413 we present the results obtained for the branching ratios for the decay
channels hy — ZpZp and hi — Zpqq of the SM Higgs. The latter includes both,
the on-shell and the off-shell contribution from the Zp. In the region with Mz, <
My, /2 ~ 62.5 GeV the channel hy — ZpZp becomes the dominant decay channel
and the Higgs decay width can become of order GeV. In this region, the bound on
BR(h; — BSM) < 0.34 gives a strong constraint shown by the area shaded in red. The
gray band in this figure corresponds to the exclusion bounds from direct searches for
the Zp boson at the LHC discussed in the last section of Chapter 3.

On the other hand, when My, > M}, /2 the two-body decay is kinematically
closed and the three-body decay gives a much smaller contribution to the Higgs width.
In this regime, experiments can search for the associated Higgs Zp production to probe
the existence of these interactions, as we discuss in the following section.

The experimental bound on the branching ratio of Higgs decays to BSM particles
can be translated to the gp vs Mz, plane. Nevertheless, we note that this bound
also depends on the scalar mixing. In Fig. 414 we present our results for two different
mixing angles. For sinfp = 0.1 this constraint is strong in the region Mz, < My, /2
and excludes gg 2 0.03 for Mz, = 25 GeV. In order to relax this bound one needs
to go to very small mixing angles, sinfp < 0.05, as shown in the right panel. It is
important to emphasize that the SM-like Higgs can have a large branching ratio into

two leptophobic gauge bosons in agreement with all current experimental bounds.

4.3.3 Associated production

In the previous section we discussed the possible new Higgs decays due to the
existence of a leptophobic gauge boson. In the scenarios where these Higgs decays are

not allowed or highly suppressed, one can study the associated production:

pp — Zp — Zpha, , (4.103)
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to test the existence of the new hi-Zp-Zp interaction. The cross-section at the partonic

level is given by

. . 1/2
| ghsin? 0 (82— 25(MZ,, + ME,) + (M3, — M, )?]

o(qgq — Z5 — Zh1)(8) = =
14473 [(S ~ MZ,)%+ M%BFQZB:|
x [8% +238(5M3z, — M} )+ (Mz, — M7)?], (4104)

In Fig. 415 we show the numerical predictions for the associated production pp —
Z3 — Zphy in the gp-Mz, plane, in the maximal mixing scenario where sin/p = 0.3
and with center-of-mass energy of /s = 14 TeV. The region shaded in red is excluded
by the experimental bound on the branching ratio of the SM Higgs into BSM particles
discussed in the previous section. The different colored dotted regions correspond to
the predictions in different ranges: o < 0.1 fb (blue dots), 0.1 fb < ¢ < 1 fb (orange
dots), 1 fb < o < 10 fb (yellow dots), 10 fb < o < 100 fb (cyan dots), and o > 100 fb
(purple dots). The production cross-section can easily be in the tens of femtobarns
which is not too far from the pp — Zhy cross-section of 990.33 fb in the SM [214].
The region shaded in gray is excluded by the collider bounds discussed in Fig. 3.5 from
Chapter 3. The associated cross-section is proportional to sin? §z. Therefore, although
in Fig. 415 we show only the predictions for sinfp = 0.3, one can easily find the
predictions for other mixing angles by properly scaling them. It is important to mention
that the associated production can be significant due to the fact that the gauge coupling
can be large and the mass of the leptophobic gauge boson can be below the EW scale.

Knowing the possible h; and Zp decays we can show the predictions for the

number of events at the LHC for the following channels:
Y tt, vy bb, vy jj, bbbb, bbtt, and bbjj.
The number of events for each of these channels is given by

Nevents(xZyy) = L x o(pp — Z — Zph1) x BR(h1 — 2z) x BR(Zp — yy).
(4.105)
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In Fig. 416 we show the predictions for the expected number of events assuming
that the integrated luminosity is £ = 3000 fb~! as planned for the High-Luminosity
LHC [215], and using the maximal allowed value for the mixing angle sin g = 0.3. The
gray regions in Fig. 416 are excluded by the collider bounds discussed in Fig. 3.5 from
Chapter 3, while the regions in red are excluded by the experimental bound on the
branching ratio of SM Higgs exotic decays.

The Zh; associated production has been measured at ATLAS [216] and CMS [217],
and a similar technique can be used to make the reconstruction of the processes in
Fig. 416. However, in our case the Zp decays only to quarks and then the QCD
background is more challenging. For example, the largest number of events is for the
channel: pp — Zghy — jjbb. In this case two b jets should have an invariant mass
around the Higgs mass of 125 GeV. Furthermore, the large pr of the Higgs or the gauge

boson can help to discriminate the signal with respect to the background [218].
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Figure 4.16: Predictions for the number of events at the LHC with center-of-mass energy
of 14 TeV assuming that the integrated luminosity is £ = 3000 fb~! and using the
maximal allowed value for the mixing angle sinfp = 0.3. We show the number of
events for the most relevant channels: v+ t, vy bb, vy jj, bbbb, bbtt, and bbjj. The
gray region is excluded by the LHC bounds, while the red region is excluded by the
bound on the branching ratio of the new Higgs decays. Figure extracted from Ref. [192].
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4.4 Conclusions

Along this chapter we have studied the main phenomenological features on the
minimal gauge theories for baryon number. In the first part, we have presented a
detailed study on the cosmological and phenomenological features of the possible DM
candidate predicted in these theories, whereas the second part has been devoted to the
analysis of possible signals from theories for local baryon number at colliders. Let us
briefly expose in a clean way the highlights of the results obtained. In the simplest class

of theories where the baryon number is promoted to a local symmetry:

e There is an extra electrically neutral field, x ~ (1,1,0,n,), predicted by the
cancellation of gauge anomalies, which can be stable and hence a good cold DM

candidate.

e The mass of the DM candidate is determined by the new symmetry breaking

scale; in this case, the scale of baryon number violation.

e The stability of the DM candidate is a natural consequence of the symmetry

breaking.

e The masses of the fermions required for anomaly cancellation have an upper
bound defined by the new symmetry scale. Among them, the electrically-charged

fermions contribute to annihilation of DM into gamma lines.

e An upper bound on the symmetry breaking scale can be found by applying

cosmological relic density constraints.

We have found such upper bound to be around the O(10) TeV scale, what implies that

these theories should live somewhere below. Furthermore,

¢ A light Zp leptophobic boson, even below the EW scale, can exist in agreement

with all experimental bounds and without assuming a very small gauge coupling.

The theoretical power of predicting a viable DM candidate and a source of dynamic
baryon number violation, together with the capability of being tested at current or near
future experiments make these theories of local baryon number very attractive and turn

them into strong candidates for physics beyond the SM.






5.~ Leptophilic force

Towards the Neutrino-DM connection.

Chapter based on the work done in 1803.07462 and 1905.06344.

The origin of neutrino masses and the nature of the DM in the Universe are two of
the most exciting open problems in particle physics and cosmology, see Chapters 1 and 2
for details. The simplest gauge symmetries we can employ to understand the origin of
neutrino masses are U(1)p_r, or U(1)r, where B and L stand for baryon and lepton
numbers, respectively. As discussed in Chapter 1, there is a deep connection between
neutrino masses and lepton number violation. The neutrinos are Majorana fermions
when the B-L (or L) symmetry is broken in two units, or they can be Dirac fermions
when B-L (or L) is conserved or broken in units different (and greater) than two. In
both cases, we can hope to test the mechanism for neutrino masses only if the B-L
(or L) violation scale can be reached at current or future colliders. Unfortunately, in a
large class of models for Majorana neutrino masses based on the seesaw mechanism [12,
16,219, 220], the canonical seesaw scale can be very large, Mgeesaw S 10 GeV, which
makes the mechanism barely possible to falsify.

In this chapter, we investigate possible connections between the origin of neutrino
masses and the properties of DM candidates in simple gauge extensions of the SM based
on theories where the lepton number is gauged: local B-L or L symmetries. See Fig. 5.1
for an illustration of this connection. We focus on two main scenarios in the context
of B-L theories: (a) Stueckelberg Scenario and (b) Canonical Seesaw Scenario. In the
Stueckelberg scenario, the B-L symmetry remains unbroken, the neutrinos are Dirac
fermions and the gauge boson acquires mass through the Stueckelberg mechanism. In

the Canonical Seesaw scenario the U(1)p_z symmetry is spontaneously broken in
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Figure 51: Correlation between the
origin of neutrino masses, properties of
cold DM candidate and lepton number
violating (LNV) signatures. Figure
extracted from Ref. [221].

two units using the Higgs mechanism and the neutrinos are consequently Majorana
fermions. In both cases the DM candidate is a vector-like Dirac fermion charged under
the U(1)p_r, symmetry. For other studies of gauged B-L with a DM candidate see
Refs. [222-232], and for scenarios that explore a connection between the origin of
neutrino masses and the DM candidate see Refs. [233-238].

We study the simplest theories with gauged lepton number, U(1); [168,169,171,
239], discussed in Chapter 3, where the existence of a DM candidate is predicted from
anomaly cancellation. Models with gauged lepton number have also been studied in
Refs. [240-244]. For the simplest local U(1)z, the lepton number is broken in three
units and the neutrinos are predicted to be Dirac fermions, while the DM candidate is
a Majorana fermion.

In the first part of this chapter, we will study the cosmological constraints on the
relic DM density. In the context of these theories, we will show, as we were told in
Chapter 4 for U(1)p, that the upper bound on the lepton number violating scale is
in the multi-TeV scale. Therefore, one can hope to test these theories for neutrino
masses and DM in the near future. If neutrinos are Majorana, the discovery of lepton
number violating signatures in low energy experiments or at colliders will be striking
signals for NP beyond the SM. In low energy experiments we could discover neutrinoless
double beta decay, and at colliders different signatures with same-sign leptons could be
seen [245]. If neutrinos are Dirac, we find a strong bound coming from the measurement
of the number of effective relativistic neutrino species (V) in the early Universe. These
discoveries will be crucial to establish the origin of neutrino masses. Our main results
suggest that one could be optimistic about the possibility to test the different theories
for neutrino masses if there is a simple connection to the properties and origin of DM

candidates.
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5.1 Unbroken local U (1)p_r: Stueckelberg Scenario

The simplest gauge theory where one can understand the origin of neutrino masses
is based on local B-L. As stated in Chapter 3, anomaly cancellation requires three
copies of RH neutrinos. The way lepton number dynamically breaks in this theory, if
it ever does, will determine the nature of neutrino masses. In this section, we present
the possibility of an unbroken local B-L. Consequently, since U(1)p_y, is a conserved

symmetry, neutrinos will be Dirac particles in this context.

5.1.1 Theoretical framework

The local gauge symmetry U(1)p_; can remain conserved ! and the associated
gauge boson can acquire mass through the Stueckelberg mechanism, as discussed in
Chapter 3. Due to the absence of a scalar particle in the B-L sector, it is not possible to
write a mass term for a Majorana fermion charged under U(1)p_y. Therefore, the DM
candidate could be either a scalar ¢ ~ (1,1,0,n,) or a Dirac fermion with quantum
numbers,

x ~ (1,1,0,ny), (51

corresponding to the gauge groups (SU(3).,SU(2),U(1)y,U(1)p_1). In the case
where the DM is a scalar field, it is not possible to predict an upper bound for the
mass of the B-L gauge boson. This is because, through the introduction of a Higgs
portal term, ququ tH, the DM candidate can be produced and the Zp; boson can
be decoupled. Motivated by the possibility to find an upper bound on the theory and
explore its implications, in here we will discuss the scenario where the DM is a Dirac
fermion. Unfortunately, x is not predicted in this theory and we have to include it in
order to account for DM. In order to guarantee the stability of the field x, we should
ensure n, # 1; since such B-L charge allows for x to mix with the neutrinos and

decay. In addition, n, cannot be arbitrarily large; perturbativity requires

ny gpr < V4, (5.2)

'We remind the reader to the fact that this theory, unlike U(1)5 or U(1)z, is anomaly free (up to
the inclusion of three copies of RH neutrinos) so that there is no phenomenological need to break the
symmetry since the theory does not predict massless anomalons in this case.
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to be satisfied, which comes from the kinetic term of the DM candidate. For a fermion
DM candidate singlet under the SM gauge group and charged under the B-L force, the

relevant Lagrangian is given by, 2

LD ixtY"Duxr +iXrY' Duxr — (Y lriocoH vg + M, Xzxr+h.c.)

1
=5 (Mzy, Zjy + 0"0) (Mzp, Zp1y + 0p0) 5.3)

which is invariant under the following gauge transformations,
62, = 0"ANx) and do = —Mz,, Az), (5.4)

and the o field decouples from the theory. When the Stueckelberg mechanism is
applied to an Abelian gauge group, the theory is renormalizable and unitary. However,
for non-Abelian gauge groups, violation of unitarity arises at tree-level in the scattering
of longitudinal gauge bosons.

The properties of the DM candidate, x = x1 + Xxg, are defined by the B-L gauge

interaction. The model contains only four free parameters:
M, Mz, , gL, and n,. (5.5)

For the rest of our discussion we fix n, =1/3 for simplicity, but the main conclusions

can be applied to any other scenario with a different B-L charge.

5.1.2 Cosmological bounds

In this section we discuss the implication of cosmological bounds like the relic
abundance QXh2 = 0.1200 £ 0.0012 [7] measured by Planck and the current and
projected bounds on the number of effective d.o.f. N.g given by the Planck satellite
mission [7], and CMB Stage-IV [246] experiments, respectively.

“Note that M, is a bare mass term in the Lagrangian, not protected by its symmetries.
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5.1.2.1 Relic Density

The annihilation channels of our DM candidate are:
XX — e e;, Uiy, Ui, didiy ZprZpr,

represented explicitly in the Feynman graphs from below:

X f
ZBI
, and (5.6)

X f
X Z

BL N —eAAA Zpr X —— 751

— L 2 + L 2

_ X ——ANN/ 7B, X —<—o VA:39
X ZBL

The annihilation cross section for Yx — Z%; — ff is given by

2 2 2
- an?cg‘lBLni \/ s — 4M; (5+2Mx) (5+2Mf)
T ff = 127s _AM2 ( — M2 )2 + M2 T2 ' (5.7)
§ x |8 ZBL ZBL” ZBL

Here ch is the color multiplicity of the fermion f, i.e. N]‘i = 1(3) for fermions (quarks),

with mass My, ny is the B-L charge of the leptons, —1 for leptons and 1/3 for quarks,
s is the square of the center-of-mass energy, and I'z,, is the total decay width of the

Z 1, gauge boson, given by

g%LNgin?i

> T(ZpL— fif) =) T
fi i ZBL
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On the other hand, the annihilation cross section for xx — ZprZpy is given by

4 4 212
_ 9Ly W (2+29)
s Zp1ZpL) = R e AV A
O'(XX BL BL) 397 E2 v (2 — 22)2 — 42 59
6—222+z4+1202+4v41 1+ (v+w)? '
n
20w (1 4 v2 4+ w?) 1+ (v—w)?/)]’
where z, v and w are defined as
z = Mg, /My, v=p/M,, and w==Fk/M,, (5.10)

being F and p the center-of-mass energy and momentum of the initial particles
respectively, £ = /s/2 and p = /E? — M%, and k the momentum of the final

particles, k = ,/E? — M%BL.

We note that the annihilation channel into fermions is the dominant one, with a
higher contribution from annihilation into leptons due to their larger coupling to Zpy.
Since n, < 1, the perturbative bound directly applies to the gauge coupling through

the kinetic term of the leptons and is given by:

gBL < 2V/T. (5.11)

In order to compute numerically the DM relic abundance, Q,h? we use
MicrOMEGAs 5.0.6 [73], implementing the model with the help of LanHEP 3.2 [201].
We cross-check our results with an independent calculation in Mathematica. In Fig. 5.2,
we present our results in the M, -Mz,, plane for the Stueckelberg scenario. The solid
blue line satisfies the correct DM relic abundance QXh2 = 0.1200+£0.0012 [7], while the
region shaded in light blue overproduces it. The latter is then ruled out by cosmology
unless the thermal history of the Universe is altered. The horizontal red (pink) line
corresponds to the LEP [181] (LHC [182]) bound on the mass of the Zp; gauge boson,
which were discussed at the end of Chapter 3 (see Fig. 3.4). The left (right) panel
corresponds to gpr, =1.5 (9pr, = 2 ) and n, = 1/3. The solid green line shows current
experimental bounds from Xenon-1T [205] whereas the purple lines show the projected

sensitivity for Xenon-nT [81], which will be discussed in the following subsections.
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Figure 5.2: Results for the DM relic density in the (M,, Myz,,) plane for the
Stueckelberg scenario. The solid blue line satisfies the correct DM relic abundance,
while the region shaded in light blue overproduces it. For the points that saturate the
relic abundance, we mark in green those that are excluded by Xenon-1T [205] and in
purple those that will be reached by the Xenon-nT [81] experiment. The horizontal red
(pink) line corresponds to the LEP [181] (LHC [182]) bound on the mass of the Zp, gauge
boson. The left (right) panel corresponds to gpr, =1.5 (9pr, = 2 ) and n, = 1/3. The
bounds from N.g are shown by the horizontal black line. Figure extracted from Ref- [183].

The small feature that can be observed in the right panel at around M, ~ 12 TeV
corresponds to the region in parameter space where the xx — ZprZpr channel also

contributes to the relic density.

5.1.2.2 Number of effective relativistic neutrino species (N.g)

As discussed in Section 2.111 from Chapter 2, the RH neutrinos feel the B-L
interaction and they could be thermalized with the SM plasma in the early Universe
and therefore contribute to Ny, due to their relativistic nature. They can remain in
thermal equilibrium with the SM via exchange of the new gauge boson, in this case
Zpr, as diagram Diag. 5.13 shows. The cross-section for such annihilation process is

given by

14
-9 1 fn2 2 2
TvRvRSTT T Ton /5 (s — MZ,)? + T3, ME, zf:N‘f npys —AMf @Myt s), (12
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where Z' = Zpgy, and ¢’ = gy, here.

VR f

ZBI,
(5.13)

7 f
In this study, we focus on heavy mediators TE}‘;C < My, and hence, we can work in

the limit s <« M. Neglecting the fermion masses, the interaction rate, described in

Eq. 2.26 from Chapter 2, reads as

497575 9BL
T, (T) = NIn?, 5.14
n(T) 97200 (3) <MZBL> Z nf .14

where the sum is taken over all SM fermions that are in thermal equilibrium at the
temperature 7. In order to understand the bounds in models where the RH neutrinos
are very light, we use the value for N.g derived from the CMB measurement by the

Planck satellite mission [7],
N = 2.997033 = ANy < 0.285, (5.15)

adopting the most conservative limit. Moreover, future CMB Stage-IV experiments [246]
are expected to improve this measurement to ANz < 0.06.

In the left panel of Fig. 5.3 we present our results for the decoupling temperature
of the RH neutrinos, vg, as a function of the ratio Mz,, /gpr. In the right panel of
Fig. 5.3 we present the prediction for ANg in the context of U(1)p_r. To obtain the
decoupling temperature we used the relation between the decay rate and the Hubble
parameter given in Eq. 2.19 in Chapter 2. As Fig. 5.3 shows, in theories based on local
lepton number, the bound coming from Planck is stronger than the collider bound
coming from LEP (see Section 3.4 from Chapter 3). Basically, in these theories we find
that M,/ / g > (9 —10) TeV in order to satisfy the Nog bounds. This has implications
for any gauge theory coupled to the SM with very light new particles.
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Figure 5.3: Left panel: The decoupling temperature of the RH neutrinos vy as a function
of My /g'. Right panel: The effective number of extra relativistic species as a function
of Mz//g'. The solid black and yellow lines correspond to the prediction for A Neg in
the scenarios with U(1)p_r and U(1)z, respectively. The region shaded in purple is
excluded by the CMB measurement by the Planck satellite mission [7]. For comparison,
we show the bound from LEP [181] in red. Figure extracted from Ref. [183].

In our case, the bound on AN.g corresponds to

M
ANy < 0.285 = % > 10.33 TeV, (5.16)
BL

and is given by the black line in Fig. 5.2. Indeed, as the figure shows, this bound is
stronger than the LEP bound. As can be seen in the right panel from Fig. 5.2, the upper

bound on the gauge coupling for n, = 1/3 is gpr, < 2, since scenarios with larger

values for the gauge coupling are totally excluded by the bounds on Ng.
Therefore, taking into account all cosmological and experimental constraints we find

an upper bound on the gauge boson mass, i.e.
My, <22 TeV. (517)

as shown in Fig. 5.2. In the scenario we have considered, the projected sensitivity of

CMB Stage-IV for the measurement of Neg will fully probe this model. However, it
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should be noted that the bound coming from A N.g can be relaxed by taking the limit
n, > 1, since this would require gp;, < 1 for the DM relic density to be explained.
Even though the bounds on Nt may change under the choice of a different n,, it can
be shown that the upper bound on the B-L scale will not go beyond 100 TeV regardless
of the choice of the charge [221]. We will discuss the implications of a different choice
for n, in the next section. For the case considered here, one can also find an upper
bound on the DM mass, i.e. M, < 13 TeV. Then, there is hope to test or rule out this

simple theory for neutrino masses and DM in the near future.

5.1.2.3 Phenomenological bounds

DD experiments aim to measure the nuclear recoil from interaction with a DM
particle. In this model, the only interaction between DM and the nucleon in atoms

occurs via the exchange of a gauge boson,
Nx — Z5; — Nx.

The DD spin-independent cross-section is then given by,

m?\,Mi nig‘lBL
m(my + My)? M}

ZBL

os1 = (5.18)
where my corresponds to the nucleon mass. In our case M, > my, and using
the collider lower bound from LEP My, /gpr > 7 TeV [18]] (see Section 3.4 from
Chapter 3) one finds an upper bound on the elastic spin-independent nucleon-DM
cross section given by

oSy < 4.54 x 10702 cm?, (5.19)

for a given value of n,.

In Fig. 54, we show the predictions for the DD spin-independent cross-section
as a function of the DM mass in the Stueckelberg U(1)p_1, scenario. Red points
correspond to gg;, = 0 — 0.25, orange points correspond to gg;, = 0.25 — 0.5, blue
points correspond to gpr, = 0.5 — 0.75, green points correspond to gpr, = 0.75 — 1.0,

pink points correspond to gz, = 1.0 — 2.0 and purple points correspond to gp;, =
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2.0—2+/7. The solid black line shows current experimental bounds from Xenon-1T [205],
the dashed black line shows the projected sensitivity for Xenon-nT [81] and the dotted
black line shows the coherent neutrino scattering limit [83]. In this figure, we also
present the bound coming from AN.g. As it can be seen, this is a strong bound,
and it excludes a large region in parameter space that otherwise could be reached by
Xenon-nT. However, some of the points lie below the neutrino floor and hence will

escape detection from future DD experiments.
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Figure 5.4: Predictions for the DD spin-independent cross-section as a function of the
DM mass in the Stueckelberg U(1)p_1, scenario with n, = 1/3. Points with different
colors correspond to different values of the gauge coupling as shown in the legend. All
points shown here satisfy the correct relic density ©2,h% = 0.1200 =& 0.0036. The solid
black line shows current experimental bounds from Xenon-1T [205], the dashed black
line shows the projected sensitivity for Xenon-nT [81], and the dotted black line shows
the coherent neutrino scattering limit [83]. The bounds from Ng are shown by a red
horizontal line, ruling out the parameter space above this line. Figure extracted from
Ref, 1183].

Notice that local U(1)p_1, theories cannot predict gamma lines since they are
anomaly-free theories, including the RH neutrinos, and there is no electrically charged

field with an axial coupling to the Zpy.
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5.2 Broken U(1)p_z, in 2 units

Majorana neutrino masses can be generated through the spontaneous breaking of
the B-L symmetry in two units, i.e. we introduce a new Higgs with quantum numbers
Spr ~ (1,1,0,2). In this section, we will investigate the different DM scenarios in the
case where the neutrinos are Majorana particles and their masses are generated through
the canonical Type 1 seesaw. In contrast to the Stueckelberg scenario, these models

predict violation of lepton number.

5.2.1 Theoretical framework

The DM can be a Dirac fermion if we add a pair of vector-like fermionic fields, i.e.
xr ~ (1,1,0,ny) and xgr ~ (1,1,0,n,), where n, # 1,3; in order to avoid mixing
with neutrinos and, consequently, the decay of DM. If we allow for non-renormalizable
operators, odd values of n, will give mixing between the DM candidate and neutrinos,

and hence should be forbidden. The Lagrangian in this case is given by,

L 2 Xty Duxr + iXrY"Dyuxr + (DuSpr) (D SpL)
— (YVE’L'O'QH*VR + YR V}Z{CVRSBL + MxﬂXR + hC) (5.20)

The covariant derivative for y is given by Dtx = O%xp + igprnyZls; X1, and
similarly for xr. The scalar potential is analogous to the potential discussed in Eq. 4.1
in Chapter 4, by replacing the scalar singlet Sp charged under U (1) by Spr, charged
this time under B-L. We stress again that, in this scenario, we have chosen the charge
for Spr, such that a Majorana mass term for the neutrinos is generated after SSB.
Therefore, in this context, B-L is violated in two units. 3

After SSB, the B-L gauge boson and the RH neutrinos acquire the following masses,

Mz,, =2gprvpr, and Mg =v2ygopL. (5.21)

3If the choice of the scalar charge is a different one, one would end up with Dirac neutrinos and a
similar scenario to the one studied in this section with the cosmological constraints from the previous one.
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In this theory, the Majorana neutrino masses are generated through the Type I seesaw
mechanism, discussed in Chapter 1. In this case, the perturbative bound on the gauge

coupling comes from the SL .S BLZf3 1 2B, interaction when n, > 2v/2 and it is

T
9BL < \/; (5.22)

while for n, < 2v/2, the upper bound on the gauge coupling is given by Eq. 5.2.

therefore given by

Henceforth, we set the masses of the three RH neutrinos to the same value My without

loss of generality. Then, the model contains seven free parameters:
X MZBL? MR, tha 03[17 dBL, and nx. (523)

For the rest of this section we fix the DM B-L charge to n, =1/3.

5.2.2 Cosmological bounds

The annihilation channels of our DM candidate in this theory are

— + — — — 7 N 7
XX — e; e, Uiy, Ung, did;, NiN;, ZprZpr, Zprhi,

7

whose explicit Feynman graphs are the ones shown in Diagrams 5.6 plus the extra

channel opened because of the B-L SSB, shown below:

, (5.24)

where h;—; 2 are the Higgses present in the theory, related with ~ and spz, analogously

to Eq. 4.9, but with #p;, parametrizing this time the mixing between the scalars.
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The cross-section of this annihilation channel is given by

Oxx—Zprhi — €
XX ABL ' 487ms? s—]W2 2412 M2
ZBL ZBL

2 2 2 4M2
x /(s + MB,, — M7 )2 —4M3 s (5.25)

where ¢; = (sinfpr,cosfpr) and ng is the B-L charge of the Sp; Higgs; in our

L ghnin? <1+ 2M2> (s +2s(5M%, — MZ)+ (M%, — M2)?)
S

case ng = 2. We note that the annihilation into the SM Higgs is mixing suppressed,
indicated by a green vertex in Diag. 5.24. Notice also that this channel will be generically
suppressed since kinematically the enhancement caused by the resonance cannot be
accessed. Here, neutrinos are Majorana fermions, so that the annihilation cross-section

XX — Z5; — NN is slightly modified with respect to Eq. 5.7:

NIndghn2 /5 —AMY (s +2M2) (s — 4M3) 526)

Oxx—NN = .
rs Js—aMz |(s— MZ, )2+ ME, T, |

In Fig. 5.5, we show the numerical results for the branching ratios of the thermal

averaged cross-sections for the channels Yy — f;f; (solid line), and xx — ZprZBL,
XX — Zprhe, and xx — Zprh1 (dashed lines), for different B-L charges. We have
used cos gy, = 0.9 for the scalar mixing angle, Mz,, = 3.5 TeV, gpr, = 0.5, M}, =
Mp = 1 TeV, and we have showed two choices of n, for illustration. For low values of
the B-L charge, the annihilation channel into two fermions significantly dominates over
the other channels. The annihilation into two gauge bosons Xx — ZprZpr can be
important when one has large values for the DM B-L charge. However, perturbativity
bounds, i.e. Eg. 5.2, constrain this channel in such a way that the annihilation into
fermions will always dominate over annihilation into two gauge bosons, regardless of
the choice of the B-L charge of the DM candidate. Notice that the DM annihilation
into a pair of gauge bosons shown in Eq. 5.9 is proportional to

21
Osx—ZprZpr X (Nx9B) v (5.27)
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Figure 5.5: Branching ratios of the thermal averaged cross-sections for the channels
XX — fifi (solid line) and Yx — ZrZBr1, XX — Zprhi (dashed lines) for different
B-L charges. Here we have taken Myz,, = 3.5 TeV, g1, = 0.5, cospr, = 0.9 for the
scalar mixing angle and M}, = Mp = 1 TeV. In the left panel we show the results for
n, = 1/3, while in the right panel we show the results when n, = 2. Figure extracted
from Ref. [221].

so that it saturates when n, gp;, = 2/ (see Eq. 52). On the other hand, the
annihilation into fermions reaches its climax in the resonant region, where Eq. 5.7
behaves as,
4 2
gprLy 1

Oxx—Ff X 2 ~ E
ZBL

(5.28)

since F2ZBL x gh Ln?{ as well. Then, in the limit of large n,, the upper bound of the
theory does not exceed a certain absolute value but, due to the constrain in Eq. 5.2,
gL < 1, ie. we would be living in a nightmare scenario of no interest under a
phenomenological point of view.

In Fig. 5.6, we show the allowed parameter space by DM relic density in the
M,-Mz,, plane for the maximal value of the gauge coupling when n, = 1/3. The
solid blue line satisfies the correct DM relic abundance Qxh2 = 0.1200 4 0.0012,
while the region shaded in light blue overproduces it. The horizontal red (pink) line
corresponds to the LEP (LHC) bound on the mass of the Zp; gauge boson. We set
Mpg =My, = 1 TeV, gp;, = /7/2 and zero scalar mixing angle. In this model, the

DM candidate has no Yukawa interaction with Spy, and hence, there is no Higgs portal
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Figure 5.6: Results for the DM relic density in the M, -Mz,, plane. The solid blue line
satisfies the correct DM relic abundance QXh2 = (0.1200 + 0.0012 [7], while the region
shaded in light blue overproduces it. For the points that saturate the relic abundance, we
mark in green those that are excluded by Xenon-1T [205] and in purple those that will be
reached by the Xenon-nT [81] experiment. The horizontal red (pink) line corresponds to
the LEP [181] (LHC [182]) bound on the mass of the Zpy, gauge boson. We fix n, = 1/3,
Mpr=My, =1TeV, gpr = \/m and g1, = 0. Figure extracted from Ref. [183].

between the DM and the SM fermions. However, a small value for 85, will only have a
small impact on the calculation of the DM relic density.

Having fixed n, =1/3, we perform a random scan on the remaining six parameters
in the model. In Fig. 5.7 we present our results, in the left panel we show the points in
the M, — Mz, plane that are in agreement with the measured relic abundance. All
points shown satisfy bounds from DD and LEP.

In this model with n, = 1/3, we find the following upper bounds on the masses of
the B-L gauge boson and the DM candidate

My,, <21 TeV and M, < 11 TeV.

Clearly, each choice of n,, and gpy, define a theory which is bounded from above.

However, regardless of the value of the B-L charge, and the choice of gpr, we note
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Figure 5.7: Scatter plot of

2 . 451 = 075 \/§’ points with n, = 1/3 in the
ool * 9mr=05-075 Mz, — M, plane that are in

981 =0.25-05 agreement with the measured

% 5 © 9L=0-025 relic abundance, Q,h? =
= 0.1200 + 0.0036. Points with
2 different colors correspond to
EN 10 different values of the gauge
coupling as shown in the

o R legend.  All points shown

. satisfy bounds from DD and

00 ) 4 6 ) 10 12 LEP [181]. Figure extracted from

M, [TeV] Ref. 183].

that there is an absolute upper bound at the multi-TeV scale for the seesaw scale, as
commented before. For completeness of the discussion on the upper bound for the
seesaw scale, we would like to mention that the allowed parameter space from Fig. 5.7
is in agreement with partial-wave unitarity of the S-matrix. It is well known that, from a
naive model-independent study, partial wave unitarity requires that M, < 340 TeV [53].
However, in this theory, the partial wave expansion only becomes relevant in regions of
the parameter space which are not allowed by cosmology. Therefore, unitarity of the
S-matrix does not make any influence on the upper bound for the seesaw scale.

These results are crucial to understand the testability of this theory at colliders.
Theories where the B-L gauge symmetry is broken in two units predict Majorana
neutrinos through the Type I seesaw mechanism. Unfortunately, as mentioned earlier,
the canonical seesaw bound is around 10'* GeVs, which is imposible to falsify. However,
motivated by the need of explaining the relic abundance in the universe, when including
DM, as illustrated in Fig. 5.8, the upper bound on the B-L violation is lowered by about
ten orders of magnitude! Therefore, we can hope to test the Type I seesaw mechanism

for Majorana neutrinos and this simple theory for DM in the near future.
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Figure 5.8: Illustration of the effect of including DM in the context of local B-L theories.
The bound on the relic abundance indirectly affects the seesaw scale by lowering it
about ten orders of magnitude, as discussed along this section.

5.2.3 Phenomenological bounds

The DD spin-independent cross-section, as in the Stueckelberg scenario, is given by
Eq. 5.18. In Fig. 5.9, we show the predictions for the DD spin-independent cross-section
as a function of the DM mass, for the same points as in Fig. 5.7. Red points correspond
to gpr, = 0—0.25, orange points to ggz, = 0.25— 0.5, blue points to ggr, = 0.5—0.75
and green points to ggr, = 0.75 — \/g . The solid black line shows current experimental
bounds from Xenon-1T [205], the dashed black line shows the projected sensitivity
for Xenon-nT [81] and the dotted black line shows the coherent neutrino scattering
limit [83]. Since we know the maximal value for the gauge boson mass, we can show
the predictions for the DD cross-section in the full parameter space. As can be seen,

the Xenon-nT experiment will be able to probe a large fraction of the parameter space.

5.2.4 Lepton Number Violation at the LHC

The main implication of the results presented in the previous section is that, since
the upper bound on the B-L breaking scale is much smaller than the canonical seesaw
scale, there is hope to test the existence of a new force associated to B-L and observe
lepton number violation at the LHC.

The RH neutrinos can be produced at the LHC through the neutral gauge boson
Zpr, ie. pp = Zj; — N;N; or through the Higgses present in the theory [247-251].
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Figure 5.9: Predictions for the DD spin-independent cross-section as a function of
the DM mass, for the same points as in Fig. 5.7. We perform a random scan on
M}, and Mp in the range [0.1 — 20] TeV. For the scalar mixing angle we scan over
sinfpr, = [0 — 0.3], the maximal value corresponds to the LHC bound on the Higgs
scalar mixing angle [195]. The solid black line shows current experimental bounds from
Xenon-1T [205], the dashed black line shows the projected sensitivity for Xenon-nT [8]]
and the dotted black line shows the coherent neutrino scattering limit [83]. This figure
follows the same color coding as the one used in Fig. 5.7. Figure extracted from Ref. [183].

Since the production mechanisms through the Higgses suffer from the dependence on
the mixing angle in the Higgs sector, we focus our discussion on the production through
the B-L gauge boson, shown in Fig. 5.10.

The RH neutrinos could have the following decays:
N; — 6;!:W:F, I/jZ, thh V]‘hg.

Therefore, the lepton number violating signatures can be observed when the RH
neutrinos decay into charged leptons, and one has the following channels with the

same-sign leptons

pp — Z5p — N;N; — e;-thEeijF — efefélj. (5.29)
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"A"’/ , Figure 5.10: Drell-Yan process for
f > 9@\ < P pp — Zzp — N;N; which

violates lepton number in two
units. In this example, the RH
neutrino N; decays to e;-—LWjF.

The number of these events is given by

Ne.ie]j€[4j = 2x L xo(pp — N;N;) x Br(N; — eji[/VI)
J
x  Br(N; — efWT) x Br(W — jj)?, (5.30)

where L is the integrated luminosity. Here, the factor two is included to discuss
the channels with same-sign leptons without distinguishing the electric charge of the
leptons in the final state. In the above expression, the parton level cross section

o(pp = Z§; — N;N;) for this process is given by

2
o ) 2gh (s +t =203 )" + (¢ - 2M2)? — 2(M3, + M2)’]
dt — 96ms(s —4M2) 9 (s— M2 )2+M; T2 ’

where t = (p, — pnv)? The integrated expression reads as
4 2 2 2
s —4Mz ) (s+2M s —4M#%
o(qq — Zxp — N;N;) = 951 ; Nzi( ; q)2 3—4M]\;'
6487 ((s — M3, )* +1%, M3, ) V i
(6.31)

In the upper-left panel of Fig. 511, we show the predictions for the cross section

when /s = 13 TeV, and for different scenarios consistent with relic density bounds.
As in the previous sections, we have choosen n = 1/3, and numerical values for M,,
Mz, , and gpr, which satisfy the cosmological and collider bounds. In the upper-right
panel, we show the number of events assuming a luminosity £ = 50 fb~!. We have
reviewed the current LHC bounds and unfortunately they cannot exclude the region

of the parameter space studied here. A more detailed experimental study will help to
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understand the testability of this theory with more luminosity. Similar results are shown
in the middle panels of Fig. 5.11, when /s = 14 TeV. However, in this case one expects
a large number of events for the same-sign leptons for RH neutrino masses below 1
TeV. In the lower panels of Fig. 5.11, we show the predictions for the next generation of
proton-proton collider at 100 TeV. In this case one should be able to test most of the
parameter space even when the RH neutrinos are in the multi-TeV region. See Ref. [252]
for the discovery potential of the 100 TeV collider.

We would like to mention that, in a large part of the parameter space, the right
handed neutrino decays can give rise to displaced vertices [251]. This can be understood

as follows. The RH neutrino decays in the following way:
W, Z

: Iy~ |Viul* 52 (5.32)
€0 Vyp
where |Vy;| encodes the neutrino mixing, which according to the Type I seesaw
mechanism (see Chapter 1) is proportional to \Vgi|2 o M, /Mp. Hence,

M?2 A
By B
viiR

M, Mg Y,

(5.33)
Afw Agw

I'y x
Since the seesaw scale has to be at most at the multi-TeV scale ~ (’)(102 TeV), the
Yukawa Dirac Y, has to be small in order to reproduce the measured active neutrino
masses. A small Y, as shown in Eq. 5.33, enhances the lifetime of the RH neutrinos,
which then become long-lived particles. Therefore, as a consequence of having a low
seesaw scale, displaced vertices arise as exotic signatures predicted by the model. For

instance, when the RH neutrino mass is about 400 GeV, the decay length can be
L=(10"% - 10" mm.

This simple study motivates the search of lepton number violating signatures at the LHC

or at future colliders.
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Figure 5.11: On the left panels, production cross section for the RH neutrinos at the
LHC for /s = 13 TeV (upper panels), v/s = 14 TeV (middle panels) and /s = 100
TeV (lower panels) in different scenarios consistent with the DM relic density. On the
right panels, the corresponding expected number of events for the scenarios M, =1
TeV, Mz,, =2 TeV, gpr, = 0.1 (black), and M, = 4 TeV, Mz,, =7 TeV, gpr, = 0.9
(orange), assuming a luminosity of £ = 50 fb™! (upper panel), £ = 300 fb~! (middle
panel), and £ = 30 fb~! (lower panel). Figure extracted from Ref [221].
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5.3 Local U(1)g

There are two simple gauge theories based on U(1), introduced in Chapter 3, where
one predicts the existence of a DM candidate from anomaly cancellation: DFW [169] and
FOP [171]. In their context, the DM mass is defined by the U(1); symmetry breaking
scale and, as we will demonstrate, the scale must be in the multi-TeV scale in order to
satisfy the relic density constraints. In the model DFW proposed in Ref. [169], it has
been shown that one can cancel the anomalies by adding six new representations to the
SM fermionic content plus the three RH neutrinos, and in this context the DM candidate
can be either a Dirac or a Majorana, while in the model FOP proposed in Ref. [171] it
is shown that the theory can be anomaly-free by adding only four representations and
the DM is predicted to be a Majorana fermion. Since the main goal of our study is
to investigate the most generic properties of a DM candidate in these theories, we will
focus on the Majorana case and show the predictions in the context of a simplified
model which describes the most important properties, analogously to the procedure
followed in Chapter 4 for the baryon force. Studies where the DM candidate is directly
coupled only to leptons have been performed in Refs. [253-260].

5.3.1 Theoretical framework

We consider a simple model for leptophilic Majorana DM which can be obtained in
the context of the anomaly-free theories proposed in Refs. [169,171]. In this context, one
has the SM leptons and the RH neutrinos,

lr ~(1,2,-1/2,1), er~(1,1,-1,1), v~ (1,1,0,1),

together with the new Higgs needed for SSB, Sy, ~ (1,1,0, 3), with the leptonic charge
fixed by anomaly cancellation, the DM candidate x7, ~ (1,1,0,—3/2) and other fields
needed for anomaly cancellation (anomalons). The explicit extended fermionic sector
for the UV completions of this simplified model is shown in Tables 3.1 and 3.2 from
Chapter 3, based on the models from Refs. [169,171]. As in Chapter 4, we will assume the
limit where the Yukawa couplings in the DFW and FOP Lagrangians, listed in Eq. 3.18

and Eq. 3.17, respectively, are very small.
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The relevant Lagrangian for our discussions is given, after SSB, by the simplified
Lagrangian obtained in Eq. 4.49 from Chapter 4 identifying Zp — Z1, and gp — g1,
L > zgﬂv“foﬁ — gLy ZY — yi xxhi — %MXXTCXy (5.34)
where ¢ = v;, e;, with ¢ = 1,2, 3, and x = x°. Note that, this time, only leptons interact
with the new mediator and their charge is +1. In theories where the DM candidate is
predicted by anomaly cancellation, the DM acquires mass through the mechanism of
SSB. This connection has phenomenological implications that will be discussed below.
The Yukawa couplings in the above equation were deriven in Chapter 4 and can be read
from Eq. 4.49,

M M
Y1 = X sin 9L7 and Yo = — X CcOs QL, (5.35)
2ur, 2vy,

and the gauge boson mass reads as (analogously to Eq. 4.17 in the context of U(1)p),
Mz, = 3grvr. (5.36)

Thus, the gauge boson mass, Mz, , and the DM mass, M,, are defined by the same

symmetry breaking scale vy. This model contains five free parameters:
M, Mz, , My,, 0, and gr. (5.37)

In this scenario, the DM charge n, = —3/2 is predicted by the theory. Note that the
charge of the scalar responsible of the spontaneous lepton number violation is also
predicted! Therefore, in this context, total lepton number is violated in three units and
neutrinos are, consequently, Dirac particles, as discussed in Chapter 1. Hence, similarly
to the Stueckelberg scenario from Sec. 5.1, we will expect the cosmological bounds on
the number of effective relativistic neutrino species to play an important role here.

Those are discussed in the next section.
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5.3.2 Cosmological bounds

In this subsection we study the cosmological implications on the theories based
on local U(1)r. As in the previous scenarios, the compatibility with the experimental

bounds will require the theory to live at most at the multi-TeV scale.

5.3.2.1 Number of effective relativistic neutrino species N.g

In the minimal model with one extra Higgs, the active neutrinos in the SM
are predicted to be Dirac fermions. Therefore, as it has been discussed in the
subsection 5.1.2.2 from the previous scenario, there is a bound coming from the CMB
measurement of N.g. In this case, the cross-section for the thermalization of the RH
neutrinos via the Z;, gauge boson is given by Eq. 512 with Z' = Z;, and ¢’ = g;.

Fig. 5.3 also presents the prediction for A Nog in the context of U(1) 1. As the figure

shows, for local U (1), the CMB measurement gives the following bound,

M
AN.g < 0.285 = TZL > 9.87 TeV. (5.38)
L

Similarly to the Stueckelberg case, it is stronger than the LEP bound and it is shown by
the solid purple line in Fig. 512. We should stress that by adding a new Higgs scalar
with lepton number . = 2, a Majorana mass term can be written for vz and, if these

states are heavy, the bound from N.g would not be relevant.

5.3.2.2 Relic abundance

The annihilation channels for DM in the context of U(1), are given by:
XX — 6;6;, vivy, ZLZLv ZLhia hlhja WW? ZZ?

where h; = hi, ho are the Higgses present in the theory. Their explicit representation
in Feynman graphs is shown in Diagrams 4.55-4.59 from Chapter 4 but exchanging the
new mediator by Z;, and the quarks by leptons. In this model, as well as in U(1) 5 (see
Chapter 4), the perturbative bound on the gauge coupling comes from the SES IAMAS
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coupling and reads as

gr, < V2m/3. (5.39)
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Figure 5.12: Results for the DM relic density in four different scenarios, g;, = 0.1
(top-left), g, = 0.3 (top-right), g, = 0.5 (bottom-left) and g;, = \/ﬂ/ 3 (bottom-right).
We take M}, = 1 TeV and no mixing angle. The solid blue line gives the measured DM
relic density Qxh2 = 0.120040.0012 [7], while the region shaded in blue overproduces
it. The region shaded in gray is excluded by the perturbative bound on the Yukawa
coupling y,.. The horizontal red band corresponds to the LEP [181] bound on the U(1),,
gauge boson mass. The bounds from N.g are shown by the purple region and rule out
a large fraction of the parameter space. Figure extracted from Ref. [183].

In Fig. 5.12, we present our result for the DM relic density and different constraints.
The solid blue line saturates the relic abundance, Qxh2 = (0.1200 4 0.0012 [7], and the

region shaded in blue overproduces it.
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The four plots have two distinct regions where the correct relic abundance is
achieved. One corresponds to the resonance M, ~ Mz, /2 in which annihilation into
SM leptons gives the dominant contribution (resonant region). The second one, to the
right of the resonance, corresponds to the non-resonant region in which the annihilation
channel xx — Zpho gives the dominant contribution to the relic density (plateau).
The appearance of the non-resonant region arises due to the Yukawa interaction with
the scalar hsy, and hence, new processes contribute to the DM annihilation channels.
Particularly, compared to the previous theory U(1)p_z, the following new channels

contribute to the relic abundance:

X Zr X q X Lo hi
P TS G -
X ZrL X q X > hy
X Zr X A X w+ZzZ
‘ ; N >,, . (5.40)
X == hl X . hl X W*} 7

We note that the non-renonant region is a special feature of models where the DM gets
mass through the SSB of the new force.

The area shaded in gray in Fig. 5.12 shows the excluded parameter space by the
perturbative bound on the Yukawa coupling ¥,. This bound gives an upper bound on
the DM mass which, due to the connection with M, , translates as an upper bound on
the lepton number breaking scale, analogously to the U (1) g theory (see Eq. 4.54).

In this scenario, the new gauge boson is coupled only to leptons at tree-level, and
hence, the LHC bounds given in Fig. 3.4 cannot be applied. Even though the coupling
to quarks can be generated at the one-loop level,  the bounds are weaker than the one
coming from LEP [18]]. The latter are shown by the solid red line.

The upper left panel in Fig. 5.12 corresponds to g, = 0.1. In this case, the bound
from ANeg requires Mz, > 0.99 TeV and the correct relic abundance can be produced
close to the resonance M, ~ Mz, /2 for DM masses M, =~ 550 GeV — 2.4 TeV.

In the non-resonant regime, the correct relic abundance can be generated for DM

*For a study including one-loop effects see [259].
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masses M, ~ 5.4 — 39 TeV. For larger DM masses, the Yukawa coupling, y,, becomes
non-perturbative. In the lower right panel of Fig. 5.12, we show our results for the
maximal value of g7, allowed by perturbativity, g;, = v/27/3 ~ 0.84. The bound from
ANegg requires My, > 8.25 TeV. The resonant region that saturates the relic density
and satisfies the bounds from LEP and ANg corresponds to M, ~ 4.6 GeV — 10.2
TeV, while the non-resonant region works for DM masses M, ~ 8.9 — 34 TeV. Above
this value, the Yukawa coupling becomes non-perturbative. Therefore, the upper bounds
correspond to

Mgz, <21 TeV and M, <34 TeV. (5.4

5.3.3 Phenomenological bounds

Regarding DD, the x — N interaction can be mediated by Higgs mixing or the
exchange of a Z. The latter is not coupled to quarks at tree-level, and hence, this
process is loop suppressed [259]. Moreover, due to the Majorana nature of DM, there

will also be velocity suppression. Hence, we focus on the contribution from Higgs

mixing,
X ? X X v X
' + y e (5.42)
p———0p p———O——1p
where the total spin-independent cross-section is given by
er aM2 (1 1\’
ST .2 2 4 X 2
oyn(hi) = sin® 0, cos” Opmy - s (5.43)
ST Vo Mz, \Mg, M,

where mpy corresponds to the nucleon mass, G is the Fermi constant, and for the
effective Higgs-nucleon-nucleon coupling we take fy = 0.3 [204,261].

In Fig. 5.13, we present our predictions for the spin-independent cross-section as a
function of the DM mass in the U(1), scenario. We perform a scan over My, = 0.1-20
TeV and apply the LHC bound on the scalar mixing angle sinf; < 0.3 [195]. Green
points correspond to sinf7, = 0 — 0.025, red points correspond to sin #;, = 0.025-0.1,

orange points correspond to sin #;, = 0.1-0.2, and blue points correspond to sin 6y, =
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0.2-0.3. The solid black line shows current experimental bounds from Xenon-1T [205],
the dashed black line shows the projected sensitivity for Xenon-nT [81], and the dotted
black line shows the coherent neutrino scattering limit [83].

As illustrated in Fig. 5.13, for DM masses within reach of Xenon-nT, M, < 10 TeV,
this type of experiments will be able to probe scalar mixing angles 67, > 0.025, providing
a stronger constraint than colliders on the Higgs mixing angle. In this scenario, there is
no strong correlation between the A Neg and DD bounds because the main contribution
to DD is mediated by the Higgses in the theory, while A N.g provides a constraint on
the ratio Mz, /gr.
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Figure 5.13: Predictions for the DD spin-independent cross-section as a function of the
DM mass in the U(1), scenario. We scan over My, = 0.1 — 20 TeV and apply the
LHC bound [182] on the mixing angle sinf;, < 0.3. All points shown here satisfy the
relic density ©,h% = 0.1200 = 0.0036. The colored points represent different ranges
for sin 6, as indicated in the legend. The solid black line shows current experimental
bounds from Xenon-1T [205], the dashed black line shows the projected sensitivity for
Xenon-nT [81] and the dotted black line shows the neutrino floor [83]. Figure extracted
from Ref. [183].
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5.4 Conclusions

In this chapter, we have investigated possible connections between the origin of
neutrino masses and the properties of DM candidates in simple gauge theories based
on local B-L or L symmetries. In theories based on B-L, the gauge boson mass
can be generated through the Stueckelberg or the Higgs mechanism. In the Canonical
Seesaw scenario, the B-L symmetry is spontaneously broken in two units via the Higgs
mechanism, the neutrinos are Majorana fermions and, in the simplest model, the DM
is a Dirac fermion. In the case of anomaly-free gauge theories based on U(1)y, the
Higgs mechanism is needed to generate the masses for the new fermions present in
the theory for anomaly cancellation. We studied the simplest theories for local lepton
number where the existence of a DM candidate is predicted from anomaly cancellation.
In this case, the lepton number is broken in three units and the neutrinos are predicted
to be Dirac particles, while the DM candidate is a Majorana fermion.

We showed that the cosmological constraint on the relic DM density implies that
the upper bound on the symmetry breaking scale in these theories, i.e. the scale
for lepton number violation, is in the multi-TeV region. In addition, we demonstrated
that in theories where the neutrinos are Dirac, namely, the B-L Stueckelberg scenario
and the theory based on U(1), the cosmological bound on the effective number
of neutrino species, AN, provides a strong bound in the parameter space of the
models. Furthermore, the projected sensitivity to this parameter by the CMB Stage-1V
experiments could fully probe the parameter space that also explains DM. In theories
where the neutrinos are Majorana, namely B-L broken in two units, the cosmological
bound on the lepton number violating scale motivates the search of exotic lepton
number violating signals at the LHC and future colliders. These results allow us to
be optimistic about the testability of the mechanism for neutrino masses in current and

future experiments.
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Chapter based on the work done in 1604.03377 and 1804.0783L

Grand Unified Theories (GUTs) are well motivated scenarios for a UV completion
of the SM. The idea of unification is undeniably attractive. In the context of gauge
theories, it has been already proved to occur along the last century. First, electricity and
magnetism were unified in the Maxwell equations in 1864 [262], proven to be two faces
from the same coin. In the 60’s, Glashow [263], Salam [264] and Weinberg [265] unified
the electromagnetic and weak interactions in the EW theory. The SM is defined by the
tensor product of three different symmetry gauge groups, each of them characterized by
the corresponding strength coupling. What if they would be embedded in a single force?
By looking at the matter content, we have leptons and quarks, which are fermions with
similar patterns of behaviour that differ in their color and hypercharge. What if they
come from some common representation where they were treated on an equal footing?
Let us look now at the evolution of the strength of the forces conforming the SM, which
is represented by their gauge coupling. As Fig. 6.1 shows, where a; = g?/4m, when
letting those evolve with energy, the three forces point to a common strength around
A = 10' GeV, which is peculiarly close to the canonical seesaw scale for neutrino
masses (see Chapter 1) and the experimental bounds on proton decay. This hint on a
unified scale at high energies, together with the beauty and predictive power of a theory
with a unique gauge coupling, motivated physicists to seek for a unified framework
where the SM could be embedded.

The simplest GUT theory where the 15 Weyl d.o.f. of the SM can be embedded
is SU(5). All elementary particle forces (strong, weak, and electromagnetic) are different

179


https://inspirehep.net/literature/1445116
https://inspirehep.net/literature/1669624

180 6. Neutrinos in Grand Unified Theories

éu,/ Ozv/n] 7‘»] ?)
—_—

strong force electroweak theory

. gubmﬁ:&:j"‘”‘

weak force electromagnetism
,l{ﬂwr// N 1864

magnetism electricity

Log; oA [GeV]

Figure 6.1: On the left, evolution of the SM gauge couplings in the context of the SM
particle content. On the right, the steps towards unification in gauge forces are shown.

manifestations of the same fundamental interaction involving a single coupling strength,
conjectured Georgi and Glashow in 1974 [266]. In their original minimal theory, quarks
and leptons unify in the 5 and 10 representations in an anomaly free way, and the
scalar content is composed of the minimal representations needed to break SU(5)
down to QED and QCD. Because of the traceless nature of its generators, the charges of
the SM fermions are predicted and the theory is anomaly free. Besides, the theory also
predicts striking phenomenological signatures such as the decay of the proton, whose

(3234 years, what in turn defines a lower bound

lifetime has a lower bound around 1
for the SU(5) scale around Agyr ~ 10471° GeV. ! Such big scale, to which we will
refer as GUT scale, brings us to the hopeless fact that these theories are well beyond
the reach of the current accelerators and predict a great dessert between NP and us. On
the other hand, GUTs are so powerful that, although living in such high energy scale,
its predictability can be the reason to rule them out, as it is the case of the original
SU(5) proposed by Georgi-Glashow (SU(5)gg). The particular reasons that invalidate

this theory are enumerated below:

(i) it does not reproduce the values of the SM gauge couplings at the low scale,

(ii) it predicts a wrong relation between the down quarks and charged lepton masses,

'As we will see along this chapter, this lower bound can be relaxed depending on the class of SU(5)
theory and its predictive power.
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(iii) neutrinos are massless in its context as well as in the SM.

Therefore, one needs to account for the later three aspects in order for the theory to be
compatible with experiment, to which we will refer as realistic.
Conventionally, there are three ways to tackle problem (i), i.e. to achieve a consistent

relation between the charged leptons and down quark masses:

(@) Include higher-dimensional operators suppressed by the Planck scale [267]. Those
allow to correct the relation between the fermion masses, but one has to give up

on the renormalizability of the theory.

(b) Add a new Higgs in the 45 representation [268]. At the renormalizable level, it is
well known that the 455 contains a second Higgs doublet that couples differently

to electrons than down-quarks, what allows to correct their mass relation.

(c) Add new vector-like fermions [269]. They can correct the mass relation through

their mixing with the SM fermions.

To solve both problem (i) and (iii) in each of the above escenarios, extra
representations are needed. In this chapter, we will introduce the SU(5)gs in the
first place, we will discuss the possibilities to generate neutrino masses in the context
of SU(5), and we will propose two simple realistic SU(5) realizations at the end of
this chapter.

6.1 Minimal GUT : SU (5) a la Georgi and Glashow

The 15 Weyl d.o.f. from the SM can be grouped in only two SU(5) representations;

the antifundamental and the antisymmetric: 2

5 (1,2,-1/2)®(3,1,1/3), and 10~ (3,1,-2/3)®(3,2,1/6) @ (1,1,1).
———
lr, (dc)L (uc)L qrL (eC)L

*Notice that, unfortunately, SU(5) does not predict the number of families and three copies of the
above representations have to be considered as in the SM.
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Between brackets we write the explicit decomposition according to the SM quantum

numbers. In a matrix form, they can be represented as follows,

dg 0 uf —u§ —ul —d!
ds SU(3). —u§ 0w —u? —d?
5= d and 10= ug —u§ 0 —ud —d?

¢ } SU(2)1

=l
(V]

—

[

U U ud 0 e‘
dt d? a3 —e¢ 0

v L L
6.1

We note that the first three rows (three columns) can be identified as SU(3). indices
and the last two rows (two columns), as SU(2), indices. The gauge group SU(5) has

rank 4, i.e. a total of four diagonal generators:

20 2 0 0 1 [-2I3x3 O
T3: 2 ) TSZ 2 ’ T0'3 = ) and Tyzi o )
0 0 0 0 0 % 215\ 0 3Iaye

as well as the SM, where one can recognize the 2 diagonal generators of SU(3). (T3 and
Ty), the diagonal generator of SU(2), (T%,) and the equivalent to the U(1)y generator
(Ty). As the following diagram shows,

T, = ], 6.2)
the red block 3 x 3 corresponds to the SU(3). space, while the 2 x 2 block in blue, to
the SU(2)y, indices. The off-diagonal blocks, 3 x 2 and 2 x 3 correspond to generators
both charged under SU(2); and SU(3). quantum numbers to which we will refer
as leptoquarks (LQ), since they will mediate interactions between leptons and quarks.

In the following, we will use block matrices to simplify the explicit expression of the

SU(5) representations.
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The scalar content of the SU(5)gg is composed of the minimum amount of scalar

representations required for recovering the SM and to trigger the posterior EW SSB:

SU(5) B SU3). @ SUQ2)L @ U(L)y "' SUB) @ U(1)g. 6.3)

The first breaking step respects the rank of the gauge symmetries. This can be achieved

by the adjoint representation of SU(5), i.e. by adding a 24: 3

N » Vg — ——X b
My = ( 8 (3’““)) F Ty, = ( v G2 ) Y
Y32 X3 Y32 Zst o

whose components have the following SM quantum numbers,

24 ~ (8,1,0)®(1,3,0)® (3,2, —-5/6) & (3,2,5/6) & (1,1,0). (6.5)
~—— —m— Y ~—(— =
s s S(3,2) 23.2) Sou

The 24 representation should be broken in the direction of 73~ in order to recover the
SM. After SSB, it reads as

() —2I[3><3 0
WU ) = . (6.6)
) =5 Ut ( 0 3]12X2>

We note that the LQs do not commute with ¥, while the SU(3). and SU(2)L,

generators do, so that these local symmetries remain unbroken in the first step.

In the second breaking step, the rank is lowered in two units, and this is achieved
by a scalar representation in the fundamental of SU(5), i.e. a 55 whose SU(2)r
component, H1, can be identified with the SM Higgs boson:

5~ (1,2,1/2)®(3,1,-1/3) = (5) . (6.7)

1
H, T

3The 245 is written such that 24y = 24%T,, where T, are the generators of SU(5). Notice that for
3o the corresponding generator has been explicitly factorized out. Therefore, (Xo) = vs.
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Taking the above into account, the breaking pattern in Eq. 6.3 can be updated to:

(Hy)

(Zo) H,

SUG) ‘=Y SU@3).® SUQ)L U1y ‘= SUB).®U1)g.  (68)

Notice that, while in SU(5) the normalization of the hypercharge is well-defined, in
the SM it is arbitrary. The generators of a non-abelian gauge group are normalized

according to

1
Tr{TaTb} = §5aba (6.9)

so that the normalization of the corresponding non-abelian gauge coupling is
unambiguously fixed. In contrast, for abelian groups like U(1)y, there is freedom
in how we define the charge or the gauge coupling. In order to obtain the hypercharges
as normalized in the SM, i.e. electric charge of the electron equal to —1, we will redefine

our U(1) gauge coupling (¢g1) by imposing gy B = ¢1Ty. Since

3 [ Ll5.3 0 \/§ \/§
T :\/> 3 =4/=B = =1/=q|. (6.10)
Y 5 < 0 —%bxz 5 gy 591

In this way, the hypercharge operator is embedded in SU(5) and enjoys the right
normalization (3/5)Tr{ B2} = 1/2 in its context. Therefore, once we fix one of the field
hypercharges (i.e. Y (d$) = 1/3), we can predict all the rest. The same can be applied
to the charge operator, which after SSB is given by Q = T, + B = T,, + \/%Ty.
Taking into account the 52 — 1 = 24 generators of SU(5), the gauge content can be

classified as:

Vz’fl ~ (8,1,0)®(1,3,0) & (3,2,—5/6) ® (37 2,5/6)® (1,1,0),
—_—— — ~ N——
el wh v vy B

which, expressed in a matrix form, reads as

1 g
Vi = VST, = (G BN )
‘ vy Wh+ S pn
215
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In the above expression, the twelve SM generators can be recognized: eight gluons
GZ:L,,, & the EW bosons W5:1,...3 and the hypercharge operator B* in the diagonal.
In the off-diagonal blocks we can identify twelve leptoquarks. Those, as we are
commenting in the following, will get mass at the GUT scale through the SU(5) SSB.
The relevant terms from the SU(5) Lagrangian for the mass generation of the

bosons and fermions in the theory are given by

£5V0) 5T{D,245, D"245} + (D,5k) D*5y + Ly
Gauge boson masses Fermion masses

+u25h 5 — a5l 5uTr{24%} — 8512435 .

-~

(6.11)

Higgs boson masses

Once the theory undergoes SSB and both 24 and 55 acquire a vev, the masses for the

vector LQs are given by

5 5
Tr{(D,(245)) D" (24p7)} = G Geur v Tr{vguvg‘} = Mgyt = \/; gourvs. (6.12)

Here, we used that the covariant derivative for the adjoint representation of SU(5) reads
as D24y = 024y + igeur|V4y, 24m]. Notice that the trace over the off-diagonal
SU(5) generators has been explicitly written down. The above mass term, i.e. the mass
of the LQs, defines the GUT scale Agyr ~ Mgur.

On the other hand, the scalar potential defines as well the masses of the Higgs
bosons. Of special interest are the masses for the bosons in the 5y representation, i.e.
the masses of the colored triplet and the SM Higgs doublet, which can be inferred from

the scalar potential terms from Eq. 6.11 and read as:

1 3 1 2
M% = —p2 + 3 <a + 106) v&, and M3 = —pud + 3 (a + 156) v, (6.13)
The Higgs doublet should live at the EW scale, what requires a delicate cancellation
among the u5 and vy, terms. Due to the splitting between both boson masses, if such
enormous tuning is applied in the M% in Eq. 6.13, the mass of the triplet will remain

at the GUT scale, which is welcome since T ~ (3,1, —1/3) does mediate proton decay
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and, as has been previously mentioned, such bounds are pretty aggressive. This huge
splitting in the mass scale of the 57 representation is known as the doublet-triplet
splitting problem, and it constitutes a fine tuning problem of about twelve orders of
magnitude that unfortunately fades the beauty of SU(5).

Finally, the Yukawa Lagrangian Ly is given by the terms allowed by the gauge

symmetry with the particle content described above as an input:
— Ly =5Y11055; +10Y31054€5 + h.c., (6.14)

where, from now on, the implicit notation R Ry = RTCR; will be assumed in the
context of GUT theories. After SSB, (55) = v5/+/2 and the above Lagrangian generates

the following charged fermion masses:

vE U5
My=MI' =2 d M, =2(Ys+Y])—~. 6.15
d e 1 2 ) an u ( 3 + 3 )\/5 ( )
where vs = vg = 246 GeV. Here we find the first prediction that invalidates SU (5)gg
charged leptons and down quarks share the same mass matrix at the GUT scale and,
unfortunately, when considering the running to the low scale through the corresponding
RGE equations, the experimental masses of the SM fermions cannot be achieved in this

context. Therefore, we should think about extending the SU(5)g¢ to make it realistic.

6.1.1 Unification constraints

The Running Group Evolution (RGE) equations for the gauge couplings of the SM

are given by,

1 1 w
— —bSM In—— + — > b O(u— M;)ln—. (6.16)
o(Mz)  ai(p) Z 2 M;
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The coefficients b; in the above expression are determined by the group theory

properties of the representation R in a given gauge group, according to

1
bi= g Y S(R)Ti(R) H dim;(R), (617)
R YE=!

(S
mult; (R)
where ¢ = 1,2, 3. For a given representation R, S(R) = 1,2 and —11 for scalar, chiral
fermion and gauge bosons, respectively; T;(R) is the Dynkin index of R under the gauge
group 4; and mult;(R) is the multiplicity of R under the rest of the gauge groups in the
tensor product, similarly to that introduced in Eq. 3.8. For the SM fields, b{¥ = 41/10,
bgM = —19/6 and b%M = —7 (see Table 6.1). While those are at the EW scale, the new
particles I can live in an intermediate scale between My < M; < Mgyr. We also note
that in order to write the gauge couplings o ! as a function of ay and o from QCD

and QED, respectively, one should take into account the proper normalization:

3 -1

ozfl = a !cos? ng, o V=@ tsin?6y, and a;l = ozs_l. (6.18)
5 10 Vaa SH 24y
I )| W) a ()| Gu W, | Hy T I DN
h| 8§ 5| 5 5 5|0 n o T 0 0
b 1 0 0 3 0 o -2| 1| 0 0 irs,
by | 0O 1 1 2 0 |-11 0 #rp | s, 0
Bys| 1 -1 | -1 1 0 | 11 =2 | ¢ —drr | —grsy 37w

Table 6.1: Contributions to the B;; coefficients for SU(5).

By the definition itself of a GUT, the different couplings unavoidably unify at the
GUT scale because they come from the same force. From Eq. 6.6, knowing that

a1 (Mgur) = aa(Mgur) = as(Mgur) = acur, and the equivalences from Eq. 6.18, one
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can find the following relations among the low scale inputs [270]:

B in? Oy (Mz) — a(My)/as(M.
Pas 2 <Sm wMz) — o(My) /e, Z)) — 0717, (619)
By 8 3/8 — sin” Oy (Myz)
in2
IHMGUT _ 167 <3/8 sin Qw(Mz)> _ 184.95’ (6.20)
MZ 50[(Mz) B12 Blg
where B;; = B; — Bj, being B; defined as
In(Agur/Mi)
Bi=b;+ > blrl where r!f = — 2220 (6.21)
2 In(Agur/Mz)

1

In the RHS of the conditions from Eq. 6.19 and 6.20, the following experimental values,
sin? Oy (Mz) = 0.23122, a(Mz) = 1/127.955, and ag(Mz) = 0.1181 at the My
scale [198] have been used. The above expressions are required by unification at the
1-loop level. By taking into account the SM particle content, condition 6.19 gives ~ 0.53,
far from the desired value. Therefore, in the context of the SM, as Fig. 6.1 shows,
unification cannot be achieved.

Let us consider SU(5)gg instead. It contains extra fields with respect to the SM
in the representations 55 and 24, which may in principle modify the RGE equations.
In Table 6.1, we list the contribution to the running of the gauge couplings of the SM
fields plus the extra fields predicted by SU(5)gg. Notice that we do not consider the
LQ vector bosons because they are at the GUT scale and therefore do not contribute
until then, 4 nor the scalar bosons in the off-diagonal terms of 24 since they are the
GBs responsible for the mass of the vector LQs. Finally, the singlet living in V54 and
the one living in 24 are not included because they do not modify the running of the
gauge couplings. For SU(5)gg, the unification ratio takes the form:

SU(5 1 1 1
By®  BSM 4 Ly, — Lrp — Lrs,

23 _ <0.6 (6.22)
SU(5) SM _ 1 1 ~o '
312 Bl2 375 T 1577 optimistic

*After Agur they are indeed the responsible fields for making the «; evolve at once as agur.
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where the inequality shows that, even adopting the most optimistic scenario (i.e. the
values for the splitting between the representations that allow for the largest possible
ratio), the proper value in Eq. 6.19 cannot be reached.

And here we have bumped into problem (ii)! It is sometimes found in the literature
that unification cannot be achieved in SU(5)¢g so that the theory is ruled out. The later
is an abuse of language; the inability of a GUT theory to satisfy Eq. 6.19 and 6.20 reflects
that the experimental values of the SM gauge couplings cannot be reproduced at the
low scale regardless of the unification scale we start the running. But of course the

gauge couplings unify in SU(5), as well as any other GUT theory!

6.1.2 Proton decay

One of the most exciting predictions of GUT theories based on SU(5) is the decay
of the proton. However, we have never seen the proton decaying; actually it is one of
the most stable particles in the universe, being the lower bound on its lifetime around
1032734 years. See Fig. 6.2 for a collection of some bounds on proton decay channels.

Such prediction has, of course, dramatic implications for the GUT scale.
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Figure 6.2: Most relevant bounds on proton decay channels by Super-Kamiokande (SK)
collaboration (in red), and the respective projected bounds by the Hyper-Kamiokande
(HK) collaboration (in orange) and DUNE (in green), extracted from Refs. [158,271-273].
In darker red we show the preliminary result of Super-K 2020 on the p — 7l¢™
channel [274].
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In order to estimate the proton decay rate, let us present the interactions that can
mediate such phenomenon. There are several LQs in this theory that can lead to the
decay of the proton, either via a scalar or a vector boson. In the scalar case, one
can always escape from the experimental bounds by assuming a small enough Yukawa
coupling if there is the freedom to do it. The gauge mediated interactions, however, are
clean in the sense that they are mediated by the gauge coupling, which is tightly related
to the GUT scale. We will focus only on these interactions since they are the dominant

contribution to the AB = 1 processes. Let us start from the matter kinetic Lagrangian:
£ 25" D,5 + iTr{101°4 D, 10}, (6.23)

where the covariant derivatives depend on the representation on which they act: D,,5 =
b + igGUTVQZMB and D,10 = 9,10 + iggur(Va4,10 + 10V2:£u)' From the above
Lagrangian, one obtains the kinetic terms for the SM fermions plus some interacting
terms between fermions and gauge bosons included in the covariant derivatives. The

non-SM interacting terms involve the V3" LQ. Those are given by,

) gGut

V2

C H T, C .L"T _ c ,LLT .
m
(d) Ly VQMMQKL—F(U )LVs 'vuar — (e€) Ly, Vy  ioeqr +he. | . (6.24)

Kinetic 5 Kinetic 10

Explicitly expanding over the SU(2); components, taking into account that Vj' =
(X* YT where X and Y have electric charges 4/3 and 1/3, respectively, the above

Lagrangian can be written as,

L DQGTU; —(e) LY, Y up + (e€) L Xy!dp — (d°) L Xuy'er + (d€) LY, yM've

LQ vertices

(6.25)

+ (uC)LleuuL + (uC)LYJ*y“dLJ +h.c. — MCQIUT(X;QX’“‘ + YJY“).

'

Diquark vertices

As we will see, combination of leptoquark and diquark vertices leads to baryon and

lepton violation, although B-L is conserved. Integrating out the X boson, we end up
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with the following effective Lagrangian (for more details on integrating out heavy fields

see Chapter 8),

2
L£E> ]\ZG;IT ((uC)L’y“uL (€) Lyudr — (u) pyur (d€) Lyt er + h.c.) , (6.26)
GuT

while, on the other hand, if we integrate out Y, we get instead

2
ﬁgf D ]‘\ZG;JT ((eC)L’yMuL (ue) vy dr — (u) pytdr (d€) Lyuvr + h.c.) . (6.27)
GUT

The first term in the Lagrangian from Eq. 6.27 can be rewritten using the Fierz identities

(see Appendix A) in the following way:

() pyuur (ue)pyHdr = (u) Lyuur (€€)y!dr, (6.28)

so that it can be identified with the first interaction from the effective Lagrangian of
the X boson. In total, from the above interactions one can recongnize three kinds of

effective operators contributing to proton decay, listed below:

2
ORPz) = S8 clef, dy) (ug)yur (i, (6.29)
GUT
2 —_— P —
eri) = 2?&? c(ei, dj) (u®) " ur (d°)jLyvueir, (6.30)
! GUT
2
AB= g
O(Vfdi,ldj) = QJ\ZEITJT C(I/g,di,d§) ('LLC)L”y“diL (dc>jL’yMVg, (6.31)

where some mixing matrices arise when rotating to the mass eigenbasis of the fermions.

Those are encoded in the ¢ coefficients [275] , defined as °

c(eb,dg) = VMV + (ViVup) P (VaVii 5, 632
clea,dy) = VMV, (6.33)
e, da,df) = (ViVup)*™(VsVen)?, (6.34)

’Notice the two contributions in Eq. 6.32, from the X and Y effective Lagrangians, respectively.
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where the V’s are mixing matrices defined as
Vi =ULU,Va = ELD, Vs = DLE, Vyp =U'D and Vgy = ETN.  (6.35)
Here, the matrices U, E, D and N define the diagonalization of the Yukawa couplings:
ULy, U =vde pLy,p =v¥ ELY,E=y3% and NTY,N = Y%, (6.36)

Since SU(5) interactions mediate proton (p) decaying into an anti-lepton (£) and a

meson (M), the decay rate of such process can be parametrized as

2
P (g ()
p=MET 307 ma

where OAB=! are precisely the operators mediating AB = 1 interactions from

2
S (MOAE= )| 637)

%

Egs. 6.29-6.31. In order to compute the matrix elements, we can get rid of the Lorentz

indices from these operators by rewriting them as scalar bilinears:

2
Oftay = ]\’;ST c(ef, dj)(u® Prd;) (e Pru), (6.38)
GUT
2
ORfE = Jeler, d§) (" Prd;) (e Pru), (6.39)
! Gur
2
- g _ _
Oéfdi,ld;) = MGST c(ve, di, dS) (uPrd;) (Ve PLd;), (6.40)
GUT

where the Fierz identities (see Appendix A) have been used again. Plugging in Eq. 6.37

the above operators, we end up with the following expression for the decay rate,

2\ 2 2
r 2 T my (aGUT>
p—M{ — 43RG - 2 2
2 My Mgyt

where inside the matrix element one can recognize the three-quark operator violating

2
Z ci(M|0°(q1 g2)ur g3Lrlp)|  (6.4D)

7

baryon number, where (¢1 ¢2)1r = ¢f CPp, /R 92, and the A accounts for the running

between the GUT scale and () ~ 2.3 GeV, where the hadronic matrix elements are
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evaluated: ©

Agg = (0‘3(7”l>)>6/23 < a3(Q) )6/25 ( as(Mz) ))2/7, (6.42)

asz(Mz) ag(mp) az(Mgur

We can particularize the decay rate in Eq. 6.41 to some specific channels which, as

Fig. 6.2 shows, comprise the strongest experimental bounds on proton decay:

4
™m (67¢} 2
Tpoymoet = T”AI%G (MG‘;TT> Ve (7°| (ud) Lug|p)|” (6.43)
T _ Ty Mt 12 agur )’
p—>K+17 - 2 m}% RG MGUT

X (‘(V1VUD)11 <K+‘ US RdL‘p>|2 + \(V1VUD)12 <K+}(ud)RsL‘p>‘Q) s (6.44)

Ly = 52 Al (]EGG‘;TT) |(ViVyp)' (mt|(du) rdi|p)|” (6.45)
where
Ve = \/(‘(VQH + VclKll\,[(VQVCKM)11)‘2 + ‘V3n|2), (6.46)

and we have explicitly summed over the three neutrino flavours and used that V'
matrices in Eq. 6.35 are unitary. / For the matrix elements appearing in the above
expressions we take as an input the results evaluated via Lattice QCD at the scale @,

given in the recent Ref. [276]:

("] (du)gdy |p) = —0.186 GeV?, (7°|(ud) gur|p) = —0.131 GeV?,
(K™ |(us)rdy|p) = —0.049 GeV?, (K "|(ud)rsp|p) = —0.134 GeV%. (6.47)

Note that, although we could fix agyr /M§UT from the unification conditions, we still
have some freedom in the fermion mixing matrices V', being the only known one the
CKM matrix, Viyp = Vexue

5See Ref. [275] for a more details.

"We note that, when summing over all possible anti-neutrinos, the crossed terms coming from
expanding the modulus squared will disappear due to the orthonormality conditions of the unitary mixing
matrices.
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In the original SU(5)gg, from Eq. 6.15 we can identify Yy = 2(Y3 + Y3), and
realize that Yy = Y{¥ is symmetric. From the spectral theorem it is well-known that
a symmetric matrix is diagonalized by an orthonormal matrix, so that the matrix U
in Eq. 6.35 is orthonormal up to some complex phase. According to the definition of
the mixing matrices in Eq. 6.36, the one that arises from the diagonalization of the up

quark mass matrix is therefore,

for theories where the up quark mass matrix is symmetric [275]. This allows us to make
a clean prediction for the proton decay channels into antineutrinos, which applying the

above result to Egs. 6.44 and 6.45 read as,

2 2 2
Ty, m
r = —P_GUT (1— K*) A2 (6.49)
p—K+to 4 RG .
2 Myr m2

(Ve (K ) )+ [Vl (B (s )]

Ly = P2 0BT g2 vt ) ) 650
GUT
which can be further simplified by rewriting them as
Ty 0y M ’
Lpokto = — Mo (1 - > Ck, (6.51)
-2
3::; - g; <1 - ”%*) ~ 20, (6.52)
where
Ck = Akg (‘V(%Il(M <K+‘(US)RdL|p>‘2 + [Véiu <K+‘(Ud)RSL‘P>‘2> ~ 0.01,

Cr = Akg|Vika (7 |(du)rdr|p)|” ~ 0.1. (6.53)
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This is a wonderful prediction from SU (5)gg: it can cleanly predict the decay rate of
the proton for the decay channels involving antineutrinos. As we will see later, this
peculiar prediction is not common in all extensions of SU(5)gg: for instance, the
introduction of a scalar representation 45 to correct the relation between the charged
fermion masses spoils the symmetric nature of the up-type quark Yukawa coupling.

To close this first part of the chapter, we will comment that SU(5)gg, although
being the simplest and most predictive GUT ever written, apart from not being able to
reproduce the correct charged fermion masses -problem (i)- and the low scale values of
the gauge couplings -problem (ii)-, it predicts massless neutrinos since no mass term
is allowed by the SU(5) symmetry and the particle content considered in its minimal
realization -problem (iii)-, as in the SM. In the next section we present the simplest

possibilities to generate neutrino masses in the context of SU(5).

6.2 Mechanisms for neutrino mass generation in SU (5)

In this section we discuss the implementation of the three seesaw mechanisms
introduced in Chapter 1 in the context of SU(5) (see Diag. 6.54), and two of the

simplest 1-loop mechanisms: the colored seesaw and the Zee model.

5H . 04 5]—[ 5 'o 5H 5H s~ 'o
- ‘N mmoe o " > ’
/T\ 15" ~‘~ /T\
5 Type-1 5 5§ Type-II “55 57 Typeland -l
(6.54)

6.2.1 Type-I seesaw

As discussed in Chapter 1, a Dirac mass term can be generated by adding a fermion
singlet under the SM, (v“)r, ~ 1 ~ (1, 1,0), which can be straightforwardly generalized
in SU(5) by adding a 1 fermion representation. The addition of a singlet does not spoil
anomaly cancellation of the gauge theory. In addition with the Dirac mass term, we

unavoidably have a Majorana mass term too since it is not forbidden by any symmetry.

5
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The relevant Lagrangian in this case is given by,

_ 1
— LYl 5 Yi5 51+ §MV 11+ hec. (6.55)

The reader may find the above expression familiar; indeed, it corresponds to the Type-I
seesaw Lagrangian described in Eq. 118 from Chapter 1. The resulting mass matrix for
neutrinos is given in Eq. 1.19. Notice, however, that the Yukawa coupling Y, in the above
Lagrangian is just a vector, as the explicitly written family index indicates, so that the
neutrino mass matrix will be rank 1 in this case. Therefore, as pointed out in Chapter 1,
in order to generate realistic neutrino masses, at least two copies of vz ~ 1 are needed.
The implementation of this mechanism with the addition of fermion singlets, in despite
of its simplicity, is not attractive from the perspective that the Majorana mass M, is a
dimensionful parameter, not protected by the gauge symmetry and therefore exposed to

any UV effects.

6.2.2 Type-II seesaw

In the context of SU(5), neutrino masses can also be generated through the Type-II
seesaw mechanism, introduced in Chapter 1. Such mechanism can be implemented by
the addition of a new Higgs representation, the symmetric 15z. This minimal realistic
extension was first proposed in Ref. [277], and further studied in Refs. [278,279]. The

15y contains the following fields under the SM quantum numbers:

155 = (1,3,1) ®(3,2,1/6) @ (6,1,—-2/3) . (6.56)
A

AVER)) Ag

Inside the 15 representation, A ~ (1,3, 1) plays a key role in the implementation of
the seesaw mechanism; it can be identified with the scalar triplet with hypercharge 1
needed for the Type-II seesaw (see Eq. 1.21). The Yukawa Lagrangian in the presence of
15 reads,

— Ly D 5Y1 10155 +10Y2 10 55 €54+ 5 YA 5 155 + hec,, (6.57)
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while from the scalar potential of this SU(5) extension we highlight the following terms:
V o M215%155 + (g 5555 150 + A5 55245155 + h.c.> . (658

The interactions in Egs. 6.57 and 6.58 lead to the following Lagrangian in the broken
phase,

— Lrypen = MATH{ATA} + (Ygﬂ' (1 Cioa N1 + (u+ Avs) H ioy ATH, + h.c.) :
(6.59)
where the Type-II seesaw Lagrangian from Eq. 1.22 can be recognized. Once the triplet
A in 15 acquires a vey, i.e. (A) = va/+/2, the neutrinos get a Majorana mass that,
taking into account Egs. 1.23 and 1.26, can be written as
5 2
M9 ~ V2 (u+ Avg) VY J\TOQ (6.60)
A
Note that in order to achieve the scale for neutrino masses observed at experiment,
M3/ (p+ Avs) ~ O(103714) GeV. Note also that we have written explicitly the
family indices in order to point out that, this time, YA is a matrix that can be up to
rank 3. Therefore, in principle, with only one triplet A there is enough freedom to
reproduce the experimental neutrino masses. The addition of the 15z is an attractive
extension of the SU(5)g theory since it has enough potential to recover unification,
whose conditions predict the LQ Ag to be at the EW scale. Furthermore, although the
addition of the 155 does not modify the charged fermion masses, a consistent relation

among them could be achieved by allowing for non-renormalizable interactions.

6.2.3 Type-IIlI seesaw

This mechanism, also described in Chapter 1, is mimicked in SU(5) by adding a
fermion representation in the adjoint of SU(5) [27,28,280-282]:

24 ~ (8,1,0) 6 (1,3,0) (3,2, —5/6) & (3,2,5/6) & (1, 1,0), (6.61)
—_—— = ~~ SN——
P8 p3 P(3,2) P(3,2) PO
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which has the following matrix representation,

2= | P P.2) +Typor.
P(3,2) Ps )

The 24 contains the key ingredient for the Type-Ill seesaw mechanism: an
hyperchargeless SU (2), triplet of leptons. To enlarge the matter content by including a
real representation is not a problem since, as explained in Chapter 3, such representation
does not spoil anomaly cancellation. The relevant interactions for this mechanism are

collected below,
— Lrypemn D h1 52455 + MagTr{24%} + \Tr{24?245} + h.c.. (6.62)

We note that, in this case, since the 24 also contains a fermion singlet py ~ (1, 1,0), the
Type-I seesaw mechanism will inexorably occur together with the Type-II, as illustrated
in Diag. 6.63:

5H x‘ " 5H H1 ~~ " Hl H1 x‘ " Hl

. . - . - .
-~ . -~ K4 .~ .
-~ . - . - .
- . - . - .

/T'\ = o)’ + ) . (6.63)
5 5 l Type-I seesaw l {7 Type-lll seesaw l

After 245 gets a ve, the above Lagrangian leads to the following interactions,

1
_»CType-IH D§MpongPLp0 + Mp3TI‘{p§CPLp3}
3
215"

where M,, = My — Avs/(2V/15) and M,, = My — 3 vs/(2V/15). Notice that these
interactions reproduce the Type-I and Type-III seesaw Lagrangian from Egs. 1.18 and 1.28

(6.64)

+ hiK?CiJQPL (pg + ) H1 + h.C.,

when identifying (p§)r, = vr and (p§)r = Xg, respectively. The neutrino mass matrix
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in this context, after EW SSB, is given by,

1 (nin 3K 1/ 1 31 -
MY == 2L ST ) 2 D = 2nihd. 6.65
Y 8 (Mps i 5 Mp, T8 Mp, i 5 Mp, o (669

Here we face again the same problem we had when adding a single copy of a singlet or
triplet SU(2), fermion representations for generating neutrino masses: the rank of the
matrix in Eq. 6.65, which is 1, is not enough to generate two non-degenerate neutrino
masses as needed. This problem can be fixed in a renormalizable way by adding
extra representations that contribute to the neutrino mass matrix in an independent
way. However, since those are needed anyway for solving problem (i), this issue can be

trivially solved, as we will see in the next section.

6.2.4 Colored seesaw

Notice that, in this case, the Manohar-Wise field ®; ~ (8,2,1/2) needed to
participate in the 1-loop graphically presented in Diag. 1.37 from Chapter 1 can be
found in 455, which also helps to correct the charged fermion masses -problem (i)-
and to achieve realistic low scale gauge couplings -problem (ii)-. Together with &1,
we would need a color fermion octet pg ~ (8,1,0) to close the loop; particularly
two copies of it in order to predict realistic neutrino masses since, as discussed in
Chapter 1, in the presence of a single copy the mass matrix for neutrinos has rank 1. 8
Notice that, looking at Eq. 6.61, ps is part of the 24 fermionic representation, which
preserves anomaly cancellation (adjoint representation). In the diagram below we show

the implementation of this mechanism in SU(5):

(5r/45m) =, _ .o (51 /45m)

45 45 (6.66)

®In the same manner, one could duplicate the &1 C 45y instead.
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Considering a 455 together with a 24, we can write down the following terms from the
SU(5) Lagrangian,

—Ecolored D) YV5 24 45H + M24TI'{242}

(6.67)

which after the SU(5) breaking lead to a Lagrangian in the form of the relevant
interactions for the colored seesaw mechanism described in Eq. 1.36. Therefore, the
neutrino mass matrix is given by Eq. 1.38 in the broken phase, where two copies of the

adjoint 24 have to be considered to break the degeneracy (or either two copies of 45).

6.2.5 Zee mechanism

In Chapter 1, we showed that the implementation of the Zee mechanism requires
the participation of a singlet charged scalar running inside the loop as in Diag. 1.31. We
remark that, in order to generate Majorana neutrino masses, the lepton number must be
violated in the theory. We realized that in SU(5) this mechanism can be implemented

by adding the antisymmetric 107 representation as Diag. 6.68 shows:

(451 or ) s, . (24p)

S
L=l

10}5" \\5H or 45
/ \ (6.68)
f———t————+——
5 v 10
(5p and 455)
Such representation decomposes in
10y = (1,1,1)®(3,2,1/6) ® (3,1, -2/3), (6.69)
—_—— —— ——
5+ 4(3,2) or

and contains the required charged scalar 6" to implement the Zee mechanism. As
discussed in Chapter 1, an extra Higgs doublet is needed to break the degeneracy in the

neutrino mass matrix. This can be solved either by adding a 5 or a 45f. The relevant
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interactions at the level of SU(5) read as,

1 N . (6.70)
- 6#5[{ 45 10 + Aoa Dy 45y 24y 10% + h.c..

where we have chosen the 455 to include the second Higgs doublet for convenience
(see next section). Once SU (5) is spontaneously broken, the above Lagrangian leads to

the interactions in Eq. 1.32. ? Finally, the neutrino mass matrix is given by Eq. 1.35.

6.3 Minimal realistic SU (5) theories

In the previous section we have learnt that extra representations should be added to
solve the three strikes that rule out SU(5)gg. Now, one could ask: What is the simplest
realistic renormalizable model based on SU (5) ?

Starting from problem (i), we mentioned that at the renormalizable level there are
two possibilities to generate the correct masses for the charged fermions at the low

scale. For each of them, we propose a simple and realistic SU(5) extension.

6.3.1 The Zee-SU(5)

In order to render SU(5)gg realistic, let us add to its particle content a 455

representation, which contains the following fields:

455 ~ (8,2,1/2)@(6,1,—1/3)&(3,3,—1/3)& (3,2, -7/6)

D4 %; [oF} Py
[OF3 (o H»

among which there is a second Higgs doublet, Hs, that contributes to the fermion

masses when it gets a vev. The Yukawa Lagrangian is modified in the presence of the

%If there is no discrete symmetry 24y — —24p forbidding the last term in Eq. 6.70, as shown in red
in Diag. 6.68, the dimensionful p parameter from Eq. 1.32 will get an extra contribution proportional to
)\241}2.
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45 and reads as,
— Ly D10 (Y355 + Yi45y) 10+5 (Y 5% + Y2 45%) 10 +he.. (671

Because of its tensor structure, the 45 splits the charged lepton and down quark
masses once it gets a vev, (45y)1% = (455)25 = (455)3° = v45/V/2 and (45y)P° =
—3v45/v/2, in the following way,

M, = (2(Ys+ Yy )vs —4(Ya— Y] ) vas),

Sl

M, = 5 (Viv; — 6V vis) 6.72)

N — DN

My = - (Yivs + 2Yavys),

where \/m = vg = 246 GeV. The above mass matrices enjoy enough freedom
to reproduce the correct fermion masses at the low scale. Therefore, with the 455,
problem (i) is already solved in a renormalizable way.

Regarding problem (i), let us see what the situation is for the SU(5)gc + 45H.
In Table 6.2 we show the B;; coefficients (see Eq. 6.21) for the fields in the 45y

representation.

45
By | @ o, D, H
Bz —%7“@1 1—257°¢>2 —gﬁbs %7“@4 %T% %T% —%THQ
B23 —%chl —%7%1)2 %Tcps %an —%T‘(I)s _%bes %THQ

Table 6.2: B;; coefficients of the fields in the 455. Table adapted from Ref. [283].

In the above table we framed in red those scalar LQs participating in the decay of
the proton. Note that in the 5 there is also the colored triplet mediating AB = 1
interactions (see Table 6.1). For the scalar LQs, their contribution to proton decay
is proportional to a combination of the Yukawa couplings in Eq. 6.71. For instance,

the LQ ®3 ~ (3,3, —1/3) mediates proton decay according to the following effective
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dimension-6 interactions that arise after integrating it out,

1 .
£ > M—Q(egc oY qp)(qF C(Yy = Y )qr) + hee.. (6.73)
&3
Naively, its contribution to the proton decay width into a neutral pion and a positron is
given by
Ao
Iy ~ Y3 (Ya—Y))? AL (6.74)
3

where one can see that either ®3 is heavy or the combination of coefficients entering in
Eq. 6.74 is suppressed. In our case, as Fig. 6.3 shows, in order to satisfy the unification
constraints Mg, ~ O(10%) GeVs, so that we need a huge suppression in the above
expression to be consistent with proton decay bounds. From Eq. 6.72 one can see
that there is enough freedom to be consistent with both proton decay and unification
constraints: note that, whereas Y7 and Y5> are not constrained since both contributions
are needed in order to correct the charged leptons and down quarks mass relations, in
M, one could assume a tiny Y while being consistent with the up quark masses. The

later basically implies that

M, ~ 2(Y3 + Y3 ) vs/V2, (6.75)
N————’

Yu

i.e. the mass matrix for the up quarks should be symmetric as in the original SU(5)gg.

The only field in 24y which can help for the unification is 33 ~ (1,3,0), as
Table 6.1 shows. As we have seen in Sec. 6.1, even if X3 and H; are at the EW scale the
constraints in Eqs. 619 and 6.20 cannot be satisfied because BS{/B{¢ < 0.6. Since
only the fields with negative contribution to Bi1s and positive contribution to Bsg can
help to achieve unification in agreement with the experiment, the two candidates for
helping in the 455 will be ®3 and Hs. The field ®; helps indirectly by also allowing
to increase the GUT scale and consequently suppressing the decay of the proton. In
Table 6.2 we have shaded in green the fields from the 45 that help, and in red those
that do not.
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In the 55, the triplet can also mediate proton decay, but if we assume that Yy is
small, we cannot skip the proton decay bound this time since

T 2v,2 mf,
Fp ~ Y'Ys ﬁ;{’ (6.76)

and hence, M7 > 10'? GeV, and one has the usual doublet-triplet splitting problem in
the splitting of the 5z representation. Now, in the 457 one has the same fine-tuning
problem because the second Higgs Hs must be light in order to have a large vacuum
expectation value needed to correct the fermion masses. As we show in the third panel
from Fig. 6.3, with the splitting of the 45 is enough to satisfy the unification conditions
so that we will assume that there is no mass splitting in 24, i.e. we will show the
unification constraints in the scenarios where less fine-tuning is needed.

As we discussed in Sec. 6.1.2, the dominant contribution to proton decay will come
from the vector LQs V' living in V. For the strongest bounded channel, p — 7%,
we will assume the most conservative scenario V. ~ /5 (see Eq. 6.46) and for the
second most constrained channel, p — K7, we will assume that M, is symmetric
(see Eq. 6.75). We show in the left panel from Fig. 6.3 the conservative values for the
proton decay lifetime and the experimental bounds at the time of publishing our work,
(p — 7%t) > 1.29 x 103* years [284] from the SK collaboration and the projected
bound from the HK experiment as a function of the Manohar-Wise field mass Mg,. We
have updated the figure by including the preliminary result from the SK collaboration
Tp(p — 7T06+) > 2.4 x 1034 years [274]. In this way we show that the unification can
be realized in agreement with the bounds on the proton decay lifetimes and the fact
that the predictions are not far from the reach of the HK experiment, one could hope
to test this model in the near future.

In the right panel from Fig. 6.3, assuming unification of the gauge couplings at the
one-loop level, we show the allowed values for the masses of the ®; ~ (8,2,1/2)
and the unification scale. In this case, we assume that My, = 1 TeV and the mass
of &3 ~ (3,3,—1/3) changes from 106 to 108 GeV. The green vertical dashed line
represents Mg, > 1 TeV, given by the recent study from Ref. [286], where the authors
study from an EFT perspective the possibility to have a light ®; in agreement with

all current experimental data. As one can appreciate, the main prediction from the
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Figure 6.3: On the left panel, predictions for the proton decay lifetimes. The blue
line shows the predictions for the decay p — 7’e™, while the purple line shows the
predictions for the decay p — K™#. On the right panel, dependence of the scale
My, with Mgyr dictated by the unification constrains (blue line). The mass of the
®3 (implicit) is in the range 1056 — 1039 GeV from left to right. In both panels,
the horizontal red dashed line shows the current experimental value on proton decay
lifetime, 7,(p — 7leT) > 1.29 x 103* years [284] from the SK collaboration. The
orange dashed line shows the projected limit on the proton decay lifetime from the
HK collaboration, 7,(p — 7%e™) > 1.3 x 10% years [285]. The green vertical line
represents the LHC bound, Mg, > 1 TeV [286,287], on the colored octet mass. We have
assumed My, = 1 TeV. Image updated with respect to Ref. [283] with the preliminary
bound T,(p — 7e™) > 2.4 x 103 years [274].

unification of the gauge interactions is that the field ®; has to be light and that the
model could be tested in the near future in proton decay experiments. In the case when
the mass of ®; is close to the TeV scale one could hope to produce it at the LHC. The

Yukawa interactions for the field ®; are given by
— Ly D2d)TCYa®lq + 4qEC(Ya — Y] )ioe® (u)L + he.. (6.77)

Notice that one can produce ®; with large cross sections through QCD interactions.
The second term in the above equation comes from the interaction 10 10 455. We note

that, since the second coupling above is antisymmetric, the decays into two top-quarks
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would not be observed. Therefore, one can have exotic signatures such as signals with
one top quark and three light jets. We refer the reader to Refs. [288-305] for a study on
the phenomenological aspects of the colored octets.

Let us address now problem (iii): neutrino masses. Taking into account the
mechanisms introduced in Sec. 6.2, we can classify the different scenarios regarding
the number of representations / d.o.f. that we should consider in order to render the
GUT realistic without giving up on renormalizability. See Table 6.3 for such classification.

The scenarios discussed in Section 6.2 and classified in Table 6.3 can be used as a guide

’ Y. £Y] ‘ my, # 0 ‘ Unification ‘ Extra field content ‘ number of new d.o.f.
Type-I seesaw v 1(x2) 47
Type-1I seesaw v 15 60
45y Type-III seesaw v 24 69
Zee model v 10z 55
Colored seesaw v 24(x2) 93

Table 6.3: Possible renormalizable extensions of SU(5)gg. By “extra field content” is
understood any extra representation apart from the field content of SU(5)ga + 454.

to define the simplest realistic model. In the Type II-SU(5) case, one has two extra
Higgses, 155 and 455 (306], or in the Type III-SU(5) scenario, one has 45 and one
extra fermionic 24 representation [281,307]. We note that, in the later case, there is
no need to consider an extra 24 since the 45y breaks the degeneracy of the neutrino
mass matrix. We will explore this scenario in more detail in Chapter 7. Alternatively,
the neutrino masses could be generated through Type I seesaw and one would have at
least two extra singlets, RH neutrinos, and the extra Higgs 455. This scenario can be
realistic [308] but one expects naively that the fermionic singlets get mass from above
the GUT scale since their masses are not protected by the SU(5) gauge symmetry. We
will focus on the second simplest option, highlighted in green, which only requires the
addition of the 10y to the SU(5)gs + 455. In this way, we show the implementation
of the Zee mechanism in a realistic SU(5) GUT.

The 10y (see Eq. 6.69) contains the field needed for the Zee mechanism, and the
only field in there that could help to achieve unification is &3 9) ~ (3,2,1/6), but it

mediates proton decay. Sticking to the less possible fine tuning, we will also assume
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there is no mass splitting in the 10x. Notice that here the 45y representation plays
a threefold role: it corrects the charged lepton and down quark mass relations, brings
enough freedom to achieve the proper values of the gauge couplings at the low scale,
and allows for a realistic neutrino mass generation via the Zee mechanism.

In Sec. 6.2, we discussed that the mass matrix for the neutrinos in this context
is given by Eq. 1.35. One can see from Eq. 6.72 that, since Y; and Y5 cannot be
diagonalized simultaneously, the diagonal elements of the neutrino mass matrix are
not zero even if A is antisymmetric. Therefore, the model has enough freedom to be
consistent with the experimental values for neutrino masses and mixings. Using the
relation between the charged fermion masses and the Yukawa couplings from Eq. 6.72,

the neutrino mass matrix from Eq. 1.35 can be written as
M, =AM, (ceMj v 3ch;;) n (ceM: v 3ch§> MTAT, (6.78)
where the coefficients ¢, and cg4, extracted from the loop calculation, are defined as

2 2
1 _ 4 2 m + . 20 m i
= Uﬂsm 20 In 22 , €4 = ;m *  In ;‘2 .(6.79)
8712/ 2vsin m 8724/2vsin 23 m
1 1

Ce

The relation in Eq. 6.78 is quite interesting because in SU(5) a relation between the
neutrino masses and the charged fermion masses is not expected. Notice that the
anti-symmetric matrix A defines this relation and it has only three free parameters.
Working in the basis where M, and M,, are diagonal, using My = D} Mgmg VCTKM, and

neglecting all phases for simplicity, one finds

My = AME (e, M + 34D, MV
| | | (6.80)
+ (e M8 4 3V DT ) MET .

Here, D, is the matrix which rotates the d° quarks (see Eq. 6.36), which has only three
parameters in the real case. As one can see the above matrix has enough parameters
to reproduce the values for the fermion mixing angles and masses. Notice that, in this

model, the ratio between the fermion masses cannot be predicted but one can have a
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simple relation between them which can be constrained using the experimental values

for fermion masses and mixings.

6.3.2 SU(5) with minimal scalars

In the last subsection, the problem of wrong charged mass relations arising from the
ML = Mp prediction has been solved by extending the Higgs sector of the SU(5)gg
with a 45y representation. However, as mentioned in the introduction of this chapter,
such mass relation can also be corrected by adding new vector-like fermions instead. If
we stick to the renormalizable level, this possibility is the simplest regarding the amount
of new d.o.f. involved. Can we achieve a realistic GUT based on SU (5) without extending
the minimal Higgs sector required by the SU (5) breaking?

Let us add, in the spirit of the SM, three copies of vector-like fermions in the
fundamental and anti-fundamental representations of SU(5). The matter content of
this GUT is therefore composed of °

_ dc Uc Q —1 l)C / D
5= , 10= , b = , and 5 = . (6.81)
14 Q e L L¢

These new fermions acquire mass from the following terms in the Lagrangian,
— L5 M55'5 +X55 245 + hec., (6.82)

which generate the following new fermion masses:

-~ M, ~ M
Mp = Ms 4+ s—2L  and M{:M5—§A5 Gut

VaGur 277 agur

where A5 = \5/v/257.

Apart from generating the required splitting among the charged leptons and
down-type quarks masses, the requirement of the realistic gauge couplings at the low
scale still needs to be fulfilled. With three copies in the 5" and 5’ is unfortunately not

enough, since the impact of these representations in the RGE equations is pretty weak

In the following, we assume that all fermions are LH, so that we will not write explicitly their chirality.
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(see Table 6.1). Furthermore, neutrinos are still massless in this context. Both problems
(ii) and (iii) can be solved by adding the 24 representation (see Eq. 6.62). The relevant

terms for the masses of their fields are listed below,
— Log D Myy Tr{24?} + X Tr{24*24y} + h.c., (6.83)

and, after the grand unified symmetry is broken, the mass terms for the fields in the 24

are given by

1
—L24 D Moy <Tr{psps} + Tr{psps} + 2Tr{pE2)PG2)} + POP0> (6.84)

A 1 3 9\ /1
ton = (Tr{psps} = 5Tt{pE2) e} + 1pP0r0 — *Tr{p3p3} -3 < > (15) > +h.c,

(remember that we are using the simplified notation V¥ = U'CW¥ for Yukawa

interactions). From the above expression one can read the following masses:

Ut M, M24—7)\

M, —M24+)\
& \/m Vagur’

1 -~ Mgur 1+ Mgur
M, . =M — = A My, = Moy — = A
p(3,2) 24 — 4 CKGUT’ PO 24 2 OéGUT’

where \ = A/V2571 and Mgyr = +/5magur/3va4. Defining 19y = My /M, we
note the masses in the 24 can be defined as a function of M,,:

=M

. 1 A 1 )
Al\fp8 = m24Mp3, MPO = —(3+2m24)Mp3, M, PG = 5(1+m24)Mp3,

5 P(3,2)

and, in the same spirit as the splitting of the 24, we will write the masses of the new

fermions in the 5" and 5’ as a function of their splitting

Mp = msMp,
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since this will be useful to later discuss the gauge coupling unification. The masses of

the SM fermions are given by the following terms,

—L; D yh5i 2450 + vy 5; 2455 + yh 5% 245, + Y1 55,510

- - g / (6.85)
+ Y2555 10+Y,101055 + Ms555 4+ A\s55245 5 +hec.,

whose relevant interactions for achieving a consistent relation between the masses for

charged leptons and down quarks are given by

<M,
—L D EMpE®+ D°MpD + M,,p3 p5 + d° <M55 + As5 aGUT ) D
GUT

3+ Mgyt Us
Mz — = Ar E¢+ — (eY1e® + d°Y1d + DYod + EYse®
+€< 55 255%) +\/§(€ 1e” + 1d + 2d + EYz€°)
+§5 (woeirg + 1 Eipg + v p3 E) (6.86)

where As5 = \s5/1/157. We find the following mass matrix for the down-type quarks:

Mgur

Yi—= Mz + 5‘557
2 vaaur (g) : (6.87)

il Mp
where the mixing proportional to d° p(3 2) and Dp(3 o) have been neglected since they

enter in the light neutrino mass matrix. In the case of the charged leptons, their mass

matrix is given by:

U5 T U5

v — Yy — 0
; \/iM 2 V2 ) e
- LD (ec E° pg—) Mg; — *)\%; Sut Mg —Y2 U5 FE
2 QGUT 2 _

p
240 Vs SYL Vs M,, 3
(6.88)

The above expressions show that there is enough freedom to have a consistent relation
between the masses of the charged leptons and down quarks. We refer the reader to

Ref. [309] for a detailed study on the role of 5’ and 5’ representations in the achievement
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of realistic charged fermion masses at the low scale. Therefore, in the context of this
theory, problem (i) is already solved.

Regarding (ii), let us study what is the role of the new fermions in the RGEs. The
contribution of the new fields to the S-functions is listed in Table 6.4. As it has been

5 +5 24
L+L¢ D+ D¢ P3 P8 P32 T P32
By Srp 2rp 0 0 5 732
By 27y, 0 % 3 0 2732
Bl 0 2| 0 2 irm
Bio —%TL %TD _%rii 0 %T?’Q
ng 27“L —27"[) %7’3 —27"8 %7“32

Table 6.4: B;; coefficients of the new fields from SU(5) with minimal scalars with
respect to SU(5)gg. Table adapted from Ref. [269].

previously discussed, the conditions from Egs. 6.19 and 6.20 must be satisfied in order
to reproduce the values of the gauge couplings experimentally measured at the low
scale. In the context of this theory, the B;; coefficients, B;; = B; — B}, entering in the

later conditions read as

4 4 1 4

By, = BN - =75 gTs T TNy 3 Ta, (6.89)
4 1 1 2

&3::B%+2@+§m+§mb—wg—§mf@fm, (6.90)

where BYM = 109/15, B5M = 23/6 and 75 = r, — rp. We assume that the colored
triplet in the 55 lives at the high scale because it mediates proton decay. We note that
r5 is only a function of the mass splitting ms, ie. r5 = Ins/(In Mgyr — In My).
Since unification is only sensitive to the splitting in mass of the representations, we can

eliminate the overall scales and write the above equations in a simple way:

4 1 4 In (314 1))

B :BSM—* _ = J——
127 212 75T T 3T T 3 I (Meyr) — In(My)’
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1 In(7724) 1 2 In (5(1+1m24))
Boz = BN 4+ 2 - 2 T T g 5 '
23 23 T 275 T 3Ty In(Mgyr) — In(Mz) 2 ™Ss T3 In(Mgyr) — In(Mz)

Therefore, the relevant parameters for unification are: Mgyr, 75,, 756, M5 and mMmo4.
In Fig. 6.4 we show in the plane Log,,Mguyr — Log;y724 the parameter space where
unification takes place, or strictly speaking, where the measured values for the gauge
couplings are achieved at the low scale. In the upper panel, we fix 5, = 1, ie. we
assume the extreme case where the colored octet fermion is at the EW scale, and the
mass of the triplet X3 is varied along all its possible mass range. In the bottom panel,
we show the other extreme case where g is assumed to be at the GUT scale. By
showing these two drastic scenarios composing the edges in between the g mass can

vary, the reader may get an idea about any possible scenario in this theory.

Figure 6.4: Allowed parameter space
by the unification of gauge couplings
in the plane Log;yMguyr-Log;oma.
Every point in the colored area
corresponds to a scenario where the
gauge couplings unify at the high
scale. In the upper panel we show
the constraints on the mass spectrum
s 5 5 m when My, = Mz changing the mass
Logroifizs of X3 between the EW and the GUT
scales. In the lower panel we show the
155 same constraints but in the case when
P KT (HK) 4 My, = Mz, changing the mass of ¥s.
y The red horizontal line corresponds to
the current bound on the proton decay
lifetime for the channel p — Ko
[271], while the orange dashed line
corresponds to the projected bound
from the HK collaboration [273]. Figure
-10 -5 0 5 10 extracted from Ref. [269)].
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In Fig. 6.4, the parameter space located above the solid red and dashed orange
horizontal lines is excluded because of proton decay constraints. As mentioned in
Sec. 6.1.2, the most relevant decay widths for the decay of the proton are the decay
channels into charged leptons and antineutrinos, which are given by Egs. 6.43, 6.44
and 6.45. In there we showed that, as in the previous theory, there is an ambiguity in
the prediction of the proton lifetime since the decay width channels depend on some
combination of flavour matrices that are, in general, unknown. Particularly, this is the

0

case for the channel p — 7™, which depends on V, as Eq. 6.43 shows. To illustrate

its effect, we plot in Fig. 6.5 the numerical predictions for some possible values of this

matrix, Ve = 0.1,0.3, and 1. As this figure shows, it is not possible to extract a bound

Figure 6.5: Predictions for the proton
decay lifetime for the channel p —
etm¥ using three different values for
the unknown mixing V., = Vj! =
Vil The red line shows the current

1036

proton decay lifetime, ie. 7(p —
m%t) > 1.6 x 103 vyears [158].
The orange dashed line shows the
projected bound on proton decay
lifetime from the HK collaboration, i.e.
7(p — 7et) > 8 x 103* years [273].
Logme}T (GeV] ' " Figure extracted from Ref [269].

10%

7 [years]

1034

1()33

from this channel unless some value for V. is assumed. The width of the band in the
above figure represents the possible values that agyr can acquire given a certain value
for Mgyr. The later depends on the freedom in the absolute mass scales My, and M,
from the 5’ and 24 representations, respectively, to which the unification constraints are
not sensitive and, therefore, they can freely vary. In Fig. 6.6 we show this freedom in
the GUT coupling as a function of the GUT scale for a given value of the free absolute
scales M, and M.

Nevertheless, in the context of this theory, the fact that the up-type quark mass

matrix is symmetric, as one can read from Eq. 6.85, allows for a clean prediction of
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Figure 6.6: Allowed
values for the gauge
couplings at the GUT
scale in agreement with
unification for the most
interesting scenarios
which can be allowed
by proton decay. Figure
extracted from Ref. [269].

144 14.6 14.8 15.0 15.2 15.4
Log1oMaur (GeV)

the proton decay width for the decay channels into antineutrinos [275], as well as the
original SU (5)gg (see discussion in Sec. 6.1.2).

The prediction for the decay width of the proton into antineutrinos is shown in
Fig. 6.7. In the left panel we show the prediction for p — KT, which enjoys the
second strongest bound on the decay of the proton, given by the SK experiment, 7(p —
K*7) > 5.9 x 1033 years [271]. The right panel shows the prediction for the p — 7+ 7.
As before, the band in these figures represents the possible range of variation of agyr
for a given Mgyr. The "cut' on the RHS of the life-time predictions comes from the
upper bound on the GUT scale given by the unification conditions, Mgyr < 10'°° GeV
(see Fig. 6.4). We empashize that, in contrast to other GUT theories where the correction
of the fermion mass relations sacrifices the prediction Yy = Yg , we find clean channels
which do not depend on any unknown mixing matrix. This allowed us to set an upper
bound on the proton decay lifetime, particularly 7(p — K7) < 3.4 x 103 years and
7(p — 7tw) < 1.7 x 103 years, which are striking results in the sense that there is
hope to test this theory in future proton decay experiments. In Fig. 6.4, we have shown
the parameter space allowed by unification and proton decay constraints as a function
of the mass splittings for the fermionic fields living in the 5, 5" and 24 representations,
my and Moy, but it is also useful to explicitly show the allowed masses for these fields,
as it is done in Fig. 6.8, where we assume the most optimistic case My, = My, = M.

As this figure shows, the field responsible for the Type-IIl seesaw mechanism, ps, has a
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Figure 6.7: Predictions for the proton decay lifetime for the channels p — KT (left
panel) and p — 77 ¥ (right panel). The red line corresponds to the current proton decay
lifetime for the different channels, i.e. 7(p — K1) > 5.9 x 1033 years [271] (left panel)
and 7(p — 7o) > 3.9 x 1032 years [272] (right panel). The orange dashed line on
the left panel shows the projected bound on p — KT from the HK collaboration, i.e.
T(p— KT > 2.5 x 1034 years [273].

mass at the multi-TeV scale, with an upper bound of M,, < 500 TeV, which allows the
possibility to test the Type-IIl seesaw mechanism at current or future colliders.

We are left with just one task: to show that it is possible to generate at least two
massive neutrinos in the context of this theory. The relevant Lagrangian for the neutrino

mass generation reads as,

—L NG (vovi +y1 Ni — 43 NY) (p3 + & po) — NMLN® + §Mpop(2)
(6.91)

1 ~
+ §Mp3p§ —vMzsN®+h.c.,

where ¢ = 3/v/15, Mzy = Mzs — 3\s5Mgur/(2v/25magur), and vy is the vacuum
expectation value of the SM Higgs. It this theory there is a well-defined hierarchy among
the neutral fermionic sector, imposed by the unification constraints. As Fig. 6.8 shows,
the minimum mass splitting in the 24 required by proton decay bounds is nine orders of

magnitude, which places p3 near the EW scale, and pg close to the GUT scale. As also
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Figure 6.8: Allowed masses of the fields ps and ps in agreement with the unification
constraints for the most optimistic case: My, = My, = Mz. The white region below
the diagonal line is excluded by the bounds on the proton decay lifetime from the SK
collaboration [271]. Figure extracted from Ref. [269].

shown in this figure, unification conditions grant more freedom for the mass splitting
in the 5 and 5’ representations, and the vector-like fermions could live anywhere in the

great desert. The existent gaps between the different scales from the stablished hierarchy

QUTF - =2 = - =
Figure 6.9: Hierarchy of the
neutral fermionic fields required
NN by unification and proton decay
- - T T T-=° constraints. Diagram extracted
from Ref. [269].
P3
EWh o o e = = =
14

in the neutral fermions, which is shown in Fig. 6.9: M, > M, > M,, > M,, allows
for an EFT description at each of the "layers", where one has to take into account the

relevant d.o.f. in order to capture correctly the neglected physics in the UV. According
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to the ordering fixed by the consistency of the theory, we first integrate out the heaviest

neutral field pg, and its effect on the remaining mass matrix for the N and N€ fields is

(N, NC) —1Y1 €% v3 /M, —My N; 6.92)
Z —Mj/ — 1943 €203 /My, ) \ Ny

where we are neglecting terms of order O(M,,?), as well as terms order O (vs/M,,) in
front of M. The effect of integrating out the pg is to generate a Majorana mass term

for the SM neutrinos, as represented in a schematic way in the following diagram:
, (6.93)

where x symbolises a tree-level interaction between the fermions, ® represents a mass
term insertion. The N and N¢ can be written as a linear combination of the new fields

N7 and N that diagonalize the above mass matrix:

N = cosONy +sinfONs, (6.94)
N¢ = —sinfNy + cos Ny, (6.95)

where the mixing angle 6 of the rotation is defined as

8M} M,

tan 26 = i, i,J) ¢2,,2°
(ygyg _y1y1)€ Vg

(6.96)

We note that, since My, M,, > vZ, the mixing angle is § ~ /4, and the masses of
the new fields are £M7j. Note that, since N7 and Ny are Majorana fields, we can
always rotate our fields by a €2 phase to define positive masses. According to the mass
hierarchy in the neutral fermions, we can integrate N1 and Ny out, which leads to the

following effective Lagrangian for the light d.o.f.:

2
Us

8Mpo

]. ’U5 . _ ~ .
) vivj + 5 Mpspsps + ok (6 — (i M ' ME) Y vips,

(6.97)

— LoD - (52 You)
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where we do not include terms of order (M M,,)~! and we neglect corrections to the
p3 mass suppressed by M. We note that in the limit § — 7 /4, there is no contribution
to the light neutrino mass term from the vector-like leptons; however, we point out that
they do contribute to the effective coupling between v and ps, as it is illustrated in
the following diagram, where the reader can clearly see that the integration of the IN;
fields has generated an effective vertex for the p3 and v; fields, apart from the tree-level

interaction:

D) — —Pa— | PN Q P 6.98
P3 v P3 v + P3 N v ( )

J

Finally, by integrating out the p3, the final seesaw takes place, and one generates a new

contribution to the light neutrinos suppressed by M,,,,

QR - X AR | P -QR PP (599
i ' Vi P0 Vj ) 03 J

and the mass matrix is given by

i % (62 wbwy , (o — (I M " ME)") (o (leMLlMg;)j)> 6100)
: 4 M, M,

It should be stressed that the term generated by the integration of the neutral fields in
the 5" and 5’ representations plays a key role by breaking the degeneracy between the
po and ps contributions to the light neutrinos and allows to enlarge the rank of the
matrix. We note that with only the contribution of the 24, the model would predict
two massless neutrinos; thus, the presence of the 5 and 5’ is crucial to guarantee the

consistency of the theory with experiment.
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6.4 Conclusions

We have discussed the simplest non-supersymmetric theories based on SU(5) and
pointed out two simple realistic renormalizable scenarios where one can understand
the generation of neutrino masses and predict the proton decay lifetimes of the proton
decay channels involving antineutrinos.

On one hand, we have seen that one can extend the scalar sector by a 45 to
correct the charged fermion masses. In that context, the minimal renormalizable theory
without gauge singlets corresponds to the case where neutrino masses are generated
at the quantum level through the Zee mechanism. In this model one finds a very
interesting connection between neutrino masses and the charged fermion masses. In
this case the 45 plays a three-fold role: it corrects the relation between charged lepton
and down quark masses, helps towards predicting the correct gauge couplings at the
low scale and generates a mass term for the neutrinos through the Zee mechanism.

We have shown the possibility to have the unification of the gauge interactions in
agreement with the experiments, also with the help of some fields in the 45;. In most
of the allowed parameter space the colored octet present in the theory is light so that
it could give rise to exotic signals at the LHC. We have investigated the predictions
for proton decay showing the possibility to test this model at the Super-Kamiokande
experiment or at the future Hyper-Kamiokande.

On the other hand, we have also showed that we can have a consistent relation
between the charged lepton and down quark masses by extending the SU(5)gg content
in three copies of vector-like fermions 5 and 5’, and the adjoint 24 representation. In
this context, one can generate fermion masses consistently with experiment and predict
an upper bound on proton decay for the channels with antineutrinos: 7(p — Ktv) <
3.4 x 10% years and 7(p — 7tP) < 1.7 x 10%* years. The neutrino masses are
generated through the Type I and Type III seesaw mechanisms, and we find that the
field responsible for the Type IIl seesaw mechanism must be light, i.e. M,, < 500 TeV.

Both simple theories proposed can be considered as appealing candidates for
unification based on SU(5), as they can be tested in current or future proton decay

experiments.
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Chapter based on the work done in 1908.01772 and 1911.05738.

As we mentioned previously in the second part of Chapter 2, after QCD confinement

the axion mass is given as a function of the Peccei-Quinn scale f,,

Mo fr

fo

Ma ~ 7.)
where fr and m, are the decay constant and the mass of the pion, respectively. This
relation implies that the axion mass can only be predicted in the context where the
scale f, can be computed. As it has been already pointed out, the invisible axion
models, although providing a useful approach to realize the Peccei-Quinn mechanism
in a realistic way, do not tell us anything about the axion mass. That is because f, is
tied to a singlet scalar whose vev is, in principle, unattached from any given scale, and
therefore can be arbitrarily large. As we introduced in Section 2.2, R. Peccei, H. Quinn,
S. Weinberg and F. Wilczek [121-124] were the pioners to predict the axion mass, by
linking the PQ scale with the EW scale. Unfortunately, in that case, the axion is too
heavy, m, ~ O(eV), and the original model is ruled out. Following their idea, in order
to propose a realistic SM extension where the strong CP problem and the amount of DM
in the universe can be understood, also able to predict the axion mass, we should find
a theory with a definite mass scale to which we can attach f,. Among the motivated
BSM theories, Grand Unified Theories are the perfect candidates because the GUT scale
can be predicted in their context. See Fig. 7.1 for an illustration.

The connection between the PQ and GUT scales was first pointed out by H. Georgi,
S. Glashow and M. Wise in 1982, in Ref. [310]. In there, they propose a global U(1)pq
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Figure 7.1: By linking the PQ scale with the GUT scale, the axion mass can be predicted
in consistency with the experimental bounds. Both scales can be connected through the
scalar singlet living in the 24y representation, responsible from the breaking of both
SU(5) and U(1)pg symmetries.

on top of the original SU(5) gauge symmetry. In order to predict the PQ scale from
unification, the same field that breaks the grand unifying group must simultaneously
break the PQ symmetry. This role is played by the 24 representation, which in the
presence of the extra PQ symmetry becomes complex and allows for a CP-odd field

constituting its imaginary part, as shown below:
1 ia(z)/vs
245 O ﬁyzde . (7.2)

Here, vy, is the vev of ¥y, which is the singlet under the SM quantum numbers that
lives in the adjoint representation of SU(5). ! Moreover, as discussed in Chapter 2, at
least a scalar mixing term (DFSZ) or an extra colored fermion (KSVZ) is needed in order
to generate the desired GG term. H. Georgi, S. Glashow and M. Wise (GGW) opted
for the first possibility and added an extra fundamental representation, 5/H [310], which
contains a second Higgs doublet that can mix with both the SM one and the singlet in
the 24, allowing in this way the successful implementation of the DFSZ mechanism.

The relevant Lagrangian for the PQ mechanism in this simple extension of the original

'See Section 6.1 from Chapter 6 for a brief but more detailed introduction on SU(5).
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SU(5) theory is given by
,CSU(5) E * / * 942 1! * pl 2
— L5855 B Y5 1055 4+ 10 Yig 10 5y + Ay 5524255+ Ao 575 Tr{24% } +hee., (7.3)
whose expression in terms of the relevant SM fields reads as

— L3y o 53//55 Hy* d+u2(Yio+ Yih) H)u+ % <§)A1 + /\2> HY H2Y2 + he.
(7.4)
In the above equation, the reader can easily identify the canonical two Higgs doublet
model from Eq. 2.124, together with the mixing term in the scalar potential from Eq. 2.136
needed for the implementation of the DFSZ mechanism (see Chapter 2). Once the 24y
gets a vev, the vector LQs acquire a mass proportional to it, as explained in Chapter 6,
and a topological term a(z)GG is generated in the Lagrangian by rotating the part of
the axion living in the Higgs doublets using the PQ symmetry that the quarks enjoy.
Unfortunately, in despite of being able to solve the strong CP problem, this simple GUT
is ruled out by the same reasons as SU(5)gg: neither the SM gauge couplings -problem
(i)- nor the fermion masses -problem (ii)- can be reproduced at the low scale, and
neutrinos are predicted massless -problem (iii)- (see Sec. 6.1 from Chapter 6 for details).
Therefore, in order to construct the simplest realistic GUT able to host an axion, the
aforementioned three points need to be addressed. We will attach ourselves to the
renormalizability of the theory, since the presence of non-renormalizable terms would
destabilize it. We summarize in Table 7.1 the simplest possibilities to achieve that.

The 45y contains enough freedom to modify the RGEs and the charged fermion
masses with respect to the original SU(5)gg predictions as we showed in Chapter 6,
i.e. to solve problems (i) and (ii) (first and last column from Table 7.1). However, the fact
that both 5 and 45p representations must couple to the 510 term in the same way
in order to split M, and M, implies that they must carry the same charge under the
PQ symmetry. Then, although a mixing term is allowed in the scalar potential by the

symmetries of the theory, i.e.

Vsus) D A1 4572435 + A2 457 5 Tr{24%} + h.c., (7.5)
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Y. # YdT M, #0 PQ Unification Table 7.1 Minimal
L; X v renormalizable GUTs
based on SU(5).
105 X v The third column
451 indicates whether the
15m < v PQ symmetry leading
to the axion can be
24 v v implemented. The fourth
1; v X column indicates whether
gauge unification can be
5 +5 15y v X achieved. Table extracted
from Ref. [311].
24 v X

the 247 must be a singlet under the global PQ and, therefore, the PQ mechanism cannot
be implemented in this case. Nevertheless, still more representations must be included
in the theory to account for neutrino masses. As discussed in Chapter 6, Section 6.2,
neutrinos could acquire mass by adding a couple of fermion singlets through the Type-I
seesaw mechanism. However, the gauge symmetry and field content does not allow
for a realistic PQ charges in this case. Neutrino masses could also be generated at the
quantum level by adding a 10z, as we proposed in Sec. 6.3, but no mixing term for
the DFSZ implementation (see Sec. 2.2.4.1) is generated in that context. Among possible
candidates, the 15 is interesting because it can generate neutrino masses through the
Type-1I seesaw mechanism and allows for a mixing term with the SM Higgs and the

singlet in the 24 after SSB via the following term:
VSU(5) D] ()\1 5?{ + Ao 45?{)()\3 5*H + M 45?{)24}[15[-[ + h.c.. (7.6)

However, the PQ symmetry defined among the quarks in this case is non-anomalous
and, unfortunately, the PQ mechanism does not work.

Let us consider the 24 representation (see Eq. 6.61) instead, which consists of two
colorless fields, a singlet py and a triplet p3 under SU(2)z, that can generate masses
for the neutrinos through the Type-1 and Type-IIl seesaw mechanisms, respectively, and

three colored fields, ps, p(32) and p(32), which can be used to generate the a(z)GG
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term. The later can be realized by rotating the axion from the Yukawa interaction via
these new color fermions d la KSVZ (see Sec. 2.2.4.2). The extension of the SU(5)gg
with a 455 and 24 was proposed in 2010 by P. Fileviez Pérez [281], and constitutes
the simplest realistic renormalizable GUT theory where the KSVZ mechanism can be
implemented when imposing a global U(1)pq. This theory will be described in the first
section of this chapter.

On the other hand, on top of adding the 455 to render the GUT realistic, one
could further add an extra Higgs doublet d la GGW. This SU(2), doublet allows for the
implementation of the DFSZ mechanism since, in this case, such scalar is not required
to correct the charged fermion masses so that it can be charged differently than 5y
or 457 under PQ. We note that neutrino masses are still not generated in this context
and one is forced to add more representations to solve this issue. The extension of
the SU(5)gg with a 455 and an extra 5}{ can be considered, on the other hand, the
simplest GUT theory where the strong CP problem is solved via the implementation of
the DFSZ mechanism, and it will be addressed in the second part of this chapter.

As it will be shown along this chapter, in the context of GUT theories, the
axions turn to be not that invisible. For other studies of axions in GUTs see
Refs. [312-315]. In Ref. [314] the authors use a non-renormalizable theory where the same
higher-dimensional operators, needed to correct the relation between fermion masses
and split the particle spectrum, generically could break the PQ symmetry spoiling the

predictions for the PQ scale and axion mass.

7.1 KSVZ mechanism in SU (5)

The simplest realistic GUT theory in the sense of number of representations able
to host an axion is the Adjoint SU(5) [281] ® U(1)pg, composed of the fields from
the original SU(5)gg plus a 455 and 24 representations. In this theory, the KSVZ
mechanism can be implemented if the different representations are charged under the

PQ symmetry as follows,

5 — e 31PQof, 10 — etPQ010, 5 — e 2iPQog

245 — e P24 A5 — e 2 P45, 24 — TP PQ024,
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where the relative PQ charges among all representations are fixed by the consistency
of the theory. Under the above charge assignment, the theory enjoys the Yukawa
Lagrangian described in Eq. 6.71 from Chapter 6, whose interactions allow for a realistic
relation between the charged fermion masses, given by Eq. 6.72 from the same chapter.

On another hand, neutrino masses are generated through the following interactions,
—LDOh1 52455 + hy 524455 + ATr{24% 24y} + hc.. (7.7)

Note that this Lagrangian is very similar to that in Eq. 6.64 except for two differences:
(a) the 24 mass term, Moy Tr{242}, is forbidden by U(1)pq in this context, (b) there
is a contribution from the 455 to the neutrino mass matrix analogous to the 5y that
was not considered when discussing the Type-Ill seesaw mechanism in Sec. 6.2 from
Chapter 6. The neutrino mass matrix will be generated from the Type-I, -IIl seesaws at

tree level, and colored seesaw at the radiative level (see Eq. 1.38):
M, = ML+ MM 4 pres, (7.8)
The different contributions arise from the following interactions:

0 0
0 0 0 0 Hi, H
Hig s, RN Hig s, i L2 %, L2

’ kN ’ . P
-~ L4 -~ * - .
. . . . .~ .
. . - .

.
+ + SRR :
/T\ P0o AR TR
’ [}
4 e
v v v v v v

The M in the above equation, given by,

8 M

(v L <( {05 + 3hjva5) (W vs + 3hjvas)
P3

(7.9)

+§ (hli’t)g, - 5hlé’l)45)(hjl.v5 - 5h%v45)
5 MPO 7
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is modified with respect to Eq. 6.65 due to the contribution from 45,

Because of the presence of a single copy of new fermions (only one 24
representation), the Yukawa couplings are vectors so that one of the neutrinos is
predicted massless. However, as the diagrams show, the Manohar-Wise ®; ~
(8,2,1/2) C 45y together with the colored octet fermion pg ~ (8,1,0) C 24 can
close a loop carrying color and generate neutrino masses at the radiative level through
the colored seesaw (see Diag. 6.66). Note that, although M ® has rank 1 (see Sec. 6.2),
together with the contribution of the Type-I and -III seesaws there is enough freedom
to embed three massive neutrinos. We refer the reader to Sec. 6.2 from Chapter 6 or,
directly to the original Refs. [281,316], for the explicit form of the neutrino mass matrix
and other details.

The last term from Eq. 7.7 is the key element for the implementation of the KSVZ
mechanism, as it can be recognized from Eq. 2.145. Once the singlet inside the 24y
acquires a non-zero vev, given by Eq. 6.6, the fermions in the 24 representation acquire a
mass and a Yukawa interaction between the axion and the new fermions is generated,

ie.

LD ——uvsge s (7.10)

V15

1 3 1
X (—Tr{ngpS} + iTr{P%,g)CP(a,z)} + in{PgTCP:s} + 2POTCP0) + hec.

We note that, since the Majorana mass term is forbidden by the PQ symmetry, the
masses are only determined by the last term from Eq. 7.7 and therefore the splitting
among the different fields from the 24 is fixed. This allows us to write all masses of the

fields in the 24 as a function of one of them, for instance the triplet p3 mass,

1 2 1

My, = gMpm My = gMps’ MP(3,2) - MP(E,Z) - EMPR” (7.11)

which can be read off from the above interactions.

2The second Higgs doublet in the 455 lives in 45H§"Y ~ 73€ﬁ7H§€a5 and 45HZ° D) 5ZH§, from
where the factor 3 and 5 in the H» contribution come from with respect to the 55 case. Note also that
for the singlet pg C 24, the color indices in the 455, in contrast with the term involving p3, do contribute.
3Notice that this matches the mass terms from Eq. 6.85 with M>4 = 0 and a complex phase.



228 7. Axions in Grand Unified Theories

7.11 Implementation of the PQ mechansim

Following the method proposed by Fujikawa [105,106] introduced in Chapter 2, the
coupling to gluons can be written as
as a

Lo B NGe, G =

a G 12
8T vy 8T fa GuwGa’s (712

where N depends on the chiral fields that have been rotated in order to absorb the

axion field. In our case, the fields contributing to the generation of the GG-term, listed

below,

L AVaVEY) N\ g L AVAVE)
T 7 7
a--- P32y 4+ a---€ P32y L a---@_ P8 vy (7.13)
1 r r
[ AVaVEY) [ AVAVY) L AVAVERY)

according to Eq. 2.112 from Chapter 2, generate the following V:

N:2><;<3><1+;><2+;><2>:5. (7.14)
—— — —

P8 P(3,2) P(3,2)

Hence, the relation between the PQ scale f,, defined in Eq. 7.12, and the GUT scale,
defined in Eq. 6.12, is given by

v, U 6 Mgur
=2 _ U8 , 7.15
f N 5 57raGUT 10 ( )

Therefore, once known the unification scale Mgyr, from the above relation it is
straightforward to predict the axion mass. Now all we can do is computing the window
for the GUT scale predicted by the Adjoint SU(5).
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7.1.2 Predicting the GUT scale

In order to predict the axion mass, we need to ask to this specific theory which is
the scale where unification can occur. For that, we will take into account the evolution
of the SM gauge couplings, which is given by the RGE equations at the 1-loop level
described in Eq. 6.16 from Chapter 6.

Besides the b-coefficients from the SM contribution at the EW scale, the rest of the
coefficients for the intermediate fields, b/, in this theory are: the colored triplet living in
5y, the scalars in the 245 and 45y, and the fermions in the 24, whose b; coefficients
are given in Tables 6.1, 6.2 and 6.4 from Chapter 6. For achieving the proper values of
the gauge couplings at the low scale, the unification constraints described in Eq. 6.19
and 6.20 should be satisfied.

As in the theory Zee-SU (5), only the ®1, ®3 and H> fields in the 45 help towards
satisfying the unification constraints. For ®3 and Hs, the lighter they are the larger the
fraction By3/ B2 can be. The field ®; helps towards unification indirectly since it gives
a negative contribution to Bjs, which turns into an increase of the GUT scale. The later
is needed to be in agreement with proton decay bounds, as we will show in brief. We
will assume for simplicity that the rest of the scalars in the 455 are at the GUT scale
and, therefore, do not modify the RGE equations. We will also assume that there is no
mass splitting among the fields in the 24 5. Under this perspective, the B;; coefficients
are given by

Bij = B 4 ru, +bytre, + b tre, + BjY, (7.16)
where ij4 represents the contribution of the fields in the 24. In this case, because
of the presence of the U(1)py symmetry, the Majorana mass term for the 24 is not
allowed and, therefore, the mass splitting among the fields in this representation is
fixed, as shown in Eq. 7.11. We note that, since unification constraints do not depend

on the global mass scale of the fields in a given representation, the contribution of the
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24 to the RGE equations is totally fixed. In particular, the Bl-zj4 are explicitly given by

In(3/2) 2 In(6)
B% = -2 + = , 7.17)
23 In(Mour /M) | 3In(Meur/My) (
4 In(6)
B = ———/ (7.18)
2 3 In(Mgyr/Mz)

Having then as inputs the masses of the Mpy,, Mg, and Mg,, we can use both
unification conditions (see Egs. 6.19 and 6.20) to determine the parameter space where
they are satisfied, which we show in Fig. 7.2. In there, the mass of the ®3 field is
implicitly given by Egs. 6.20. In the left panel, we show the general parameter space
allowed for all possible values of the second Higgs doublet mass, represented with a
blue shaded area. However, in the following we will assume that My, = 1 TeV for our
discussions as shown in the right panel; nonetheless, this assumption is quite general in
the sense that the mass of a scalar doublet does not have a strong impact in the RGEs,
as can be deduced from its b-coefficients (see Table 6.1) and corroborated in Fig. 7.2. By
only looking at the parameter space allowed by the unification constraints we obtain a
mass window [2 x 104 — 101¢] GeV for the GUT scale when My, = 1 TeV. * However,
not the full range is consistent with experiment. On one hand, there is an upper bound
for the GUT scale, which is astonishingly fixed by collider experiments. Note that the
Manohar-Wise field, ®; ~ (8,2,1/2), cannot be arbitrarily light since it would get in
tension with experimental constraints on new scalars at the low scale. We will use the
bound Mg, > 1 TeV from Ref. [286], as we did in Chapter 6. This bound translates into
an upper bound for the GUT scale: Mgyr < 5.5 x 10'® GeV. On the other hand, it is
well-known that proton decay is meanly mediated by the vector LQs of SU(5), whose
mass defines the GUT scale. Therefore, the lower bound on the GUT scale window will
be given by the experimental bounds coming from proton decay experiments.
Regarding predictions on proton decay, as in the other GUTs we have previously

Oet, depends on the unknown

introduced, the most constrained channel, p — =
parameter V. defined in Eq. 6.46. In the left panel of Fig. 7.3, we show the predictions
of the Adjoint SU(5) for this decay channel as a function of the GUT scale for two

different choices of it: V. = 0.1 and V. = 1, where My, = 1 TeV has been assumed.

*When M}, = Mgy, the allowed range for the GUT scale is [3.55 x 10* —1.41 x 1016] GeV.
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Figure 7.2: Left Panel: Predictions for the GUT scale, MqgyT, as a function of Mg,.
We implicitly show in the blue band all possible values that My, can take. The
purple shaded region shows the current LHC bound on the scalar colored octet
o) ~ (8,2,1/2), My, > 1 TeV [286]. The region shaded in red shows the current
experimental limit on the proton lifetime from the SK collaboration, 7(p — K*v) >
5.9 x 1033 years [271], and the green dashed line shows the projected bound for the
HK collaboration, 7(p — KT7) > 2.5 x 103* years [273]. When applying the bounds
from proton lifetime we take the most conservative limit which corresponds to taking
M,, = 10'° GeV. The mass of the ®3 ~ (3,3,—1/3) varies between the range
1084 — 10863 GeV from left to right. Right Panel: The results from the left panel
are particularized for My, = 1 TeV. Figure in right panel extracted from Ref. [311].

The red shaded area shows the parameter space ruled out by the proton decay bound
from the SK collaboration [158], while in green and orange the projected bounds from
HK [273] and Dune [317], respectively, are shown. We also display shaded in purple
the collider lower bound on Mg, which determines the upper bound of the GUT
scale, as the figure shows. The error of the blue band can be understood as follows.
Note that, although unification constraints do not depend on the global mass of the
24 representation, the grand unified coupling agyr does depend on it. Therefore, for a
given GUT scale, one should expect a certain range for the agyr allowed by the possible
values of the global 24 mass, i.e. M, as we parametrized them in Eq. 7.11. The fields
in the 24 must be at the seesaw scale or below in order to generate realistic values for

the neutrino masses. The fields pg and p3 have two body decays and can decay before
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Figure 7.3: Left Panel: Predictions for the proton decay lifetime for the channel p —
7%, The different blue bands show different choices of the magnitude of the unknown
mixing matrix V. The width of the blue bands is determined by the allowed values of
agur as we vary M,, C [10%1,10%5] GeV. The red shaded area shows the excluded
parameter space by the bound on the proton decay lifetime, 7(p — 7% ™) > 1.6 x 1034
years [158], from the SK collaboration. The green dashed line shows the projected bound
on proton decay lifetime from the HK collaboration, ie. 7(p — 7%*) > 8 x 1034
years [273]. Right Panel: Relation between the GUT scale and aguyr. The blue shaded
region leads to gauge unification, the width of this band is determined by varying from
M,, = 10451 GeV (left limit determined by the BBN bounds) to M, = 10 GeV (right
limit determined by the perturbative bound on the seesaw scale). Here we use My, =1
TeV as in the left panel. Figure extracted from Ref. [311].

Big Bang Nucleosynthesis (BBN), while the colored fields ps, p(32) and p(3 ) have only
three body decays. Since the masses of the all fields in 24 are related, it is enough to
understand the limit on M ;. Neglecting all SM fermion masses the decay width for pg

is given by

Y20(1) M}

T(ps) ~ L £5 719
(08) ~ I8 m)3 ML (719)
where M corresponds to the mass of the scalar triplet inside the 5. Here we used

the main decay channel defined by the coupling of T to the third generation quarks.
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Using that the contribution of p3 to the neutrino masses is given by

O(1)vg
M, ~ 7.20
v M,, (7.20)
we find that ) 6
Y2 M, M
[(pg) ~ — y_Ps (7.21)

32(2m)3 w2 M}’
In Fig. 7.4 we present the predictions for the pg lifetime using different M7 masses
(Mp > 102 GeV from bounds on the proton lifetime, see Eq. 6.76) and M, ~ 0.1
eV (see Eq. 1.10). The region shaded in blue shows the parameter space that leads to

Tps > 1 second and it is excluded by a naive bound coming from BBN. Therefore,
10443 GeV < M, < 10*° GeV, (7.22)

where the upper bound comes from the perturbativity of the Yukawa coupling in
Eq. (7.20). The window in Eq. 7.22 will define the error band of agyr for a given
value of the GUT scale, as the right panel of Fig. 7.3 shows.

Figure 7.4: Predictions of the

100
ps lifetime for different My
10 \ masses, we have Mp >
1 VO,P 102 GeV from bounds on
e 0.100 Q the proton lifetime. The
% . \
& V4 blue shaded regions shows
\
0.010 k, the predictions for 7, <
5 1 d and excluded b
0.001 second and exclude N
104 a naive bound coming from

104 10 106 BBN. Figure extracted from

Unfortunately, the theory can always escape the proton decay bound on p — 7%e™
by assuming a small V.. However, let us look at the second strongest bound on proton
decay, which applies to the decay channel p — K*7. In the Adjoint SU(5), as in the
Zee-SU(5) (see Sec. 6.3), we should care about ®3 ~ (3,3, —1/3). This LQ mediates
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proton decay according to the effective dimension-6 interactions Lagrangian shown in
Eq. 6.73. In here, as well as in the Zee-SU(5) model, in order to achieve unification
Mg, ~ O(10%) as Fig. 7.2 shows. Hence, the empirical fact that the theory must be
consistent with the proton decay bounds indirectly implies an almost symmetric mass
matrix for the up-type quarks since a strong suppression from Y is needed. We refer
the reader to Chapter 6 for a detailed explanation. In this context we can make clean
predictions for the proton decay into antineutrinos, which are given in Eq. 6.52. The
later allows us to determine a lower bound for the GUT scale. In Fig. 7.11 we show
the predictions for the proton decay channels p — K+ and p — 7. This figure

shows the same color coding as Fig. 7.3. Taking the later into account, we can conclude

35
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Figure 7.5: Predictions for the proton decay channels p — K7 and p — 7. The blue
bands show the possible range of variation of agur, according to M, C [10%51,10'9]
GeV. The red shaded areas show the excluded region by the SK constraints, 7(p —
K*7) > 5.9 x 103 years [271] and 7(p — 7tD) > 3.9 x 1032 years [272]. The green
dashed line shows the projected bound by the HK collaboration on the p — K*i
channel, 7(p -+ KTv) > 2.5 x 1034 years [273]. Figure extracted from Ref. [311].

that the available window for the GUT scale for this Adjoint SU(5) with a global PQ
symmetry is
MGUT — [1015.06 . 1015.74] GeV, (723)
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where we have taken the largest window within the error allowed by the strongest clean
bound, i.e. that from the p — Kt channel. The above window is shown in Fig. 7.2,

where theory and experimental constraints are all displayed together. °

7.1.3 Axion mass and phenomenology
In order to show our numerical results we will use the following relation between
mg and f, obtained in Refs. [125,318],

(7.24)

10'2 Gev
ma = 5.691(51) x 10 eV( € > ,

Ja
where the authors have computed an improved expression with respect to that in
Eq. 2121 from Chapter 2 by combining NLO results obtained in chiral perturbation
theory with recent Lattice QCD results.

As demonstrated in the last subsection, see Eq. 7.23, in Adjoint SU(5) a small range
for the GUT scale and agut can be predicted. Because the same field is breaking the
GUT scale and the PQ symmetry, the GUT scale and the axion mass are connected, as

Fig. 7.1 illustrates. This leads to the following prediction for the axion mass:
ma = (2.99 —13.45) x 1072 eV. (7.25)

where we have taken the largest mass range allowed within the uncertainty of agyr. In
Fig. 7.6 we show the predictions for the axion mass as a function of the GUT scale.
The blue band shows the parameter space allowed by unification constraints and proton
decay. The red (purple) shaded area shows the excluded parameter space by the proton
decay bound (LHC bound on Mg,). Eq. 7.25 is crucial to understand the testability of
this theory at axion experiments because it tells us the specific range for the axion mass
where a signal could be expected. In the allowed mass window, an initial misalignment
angle of 0; ~ 1072 [132-134] must be assumed in order for the axion field to saturate
the DM relic abundance Qpyh? = 0.1200 £ 0.0012 [7].

5In the extreme case Mp, = Mgur, the allowed range for the GUT scale consistent with experimental
bounds and unification constraints is given by 10*%-%% — 10192 GeV.
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Figure 7.6: Axion mass as a function of the GUT scale. The blue band shows the
parameter space allowed by unification constraints and proton decay. The red (purple)
shaded area shows the excluded parameter space by the proton decay bounds from SK
(LHC bound on Mg,). The dashed green line gives the projected sensitivity for HK.
Figure extracted from Ref. [311].

We proceed to study the phenomenology of the axion in the predicted mass window.
The coupling between the axion and photons is given by the red framed term in
Eq. 2153, lead by the effective coupling g, given by Eq. 2.123. In this case, /N =8/3
since we are working with fermions in a complete representation of SU(5). The explicit

value for F is given by,

1| 74\? 1\2 4\ 2 1\? 40
E=2x=-](=-)x3 I x3+(=-)x3 ) x 34124 (=1)? | = =
3 (3> *(3>X *(3)X *(3>X POV =y

pP3

P(3,2) P(3,2)
(7.26)

where the electrically charged fields participating in the g,,~ generation are listed below.
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Figure 7.7: The axion-photon coupling versus the axion mass. The blue line corresponds
to the axion mass prediction in Adjoint SU(5). The regions shaded in blue, orange and
red correspond to the projected sensitivities for Phase I, I and III of the ABRACADABRA
experiment [150] using the broadband approach. The purple lines correspond to the
projected sensitivities for the three different phases in the resonant approach. Figure
extracted from Ref. [311].

As described in Chapter 2, the ABRACADABRA experiment [150] is expected to be
sensitive to the axion to photon coupling for very light axions, m, < 1076 eV. In
Fig. 7.7 we present the axion to photon coupling together with the projected reach for
ABRACADABRA, as given in Ref. [150]. The regions shaded in different colors correspond
to the projected sensitivity for the broadband operating mode, while the purple lines
show the ones for the resonant operating mode. The blue solid line corresponds to the
prediction in Adjoint SU (5). It is of great interest that the third stage of the broadband
mode will be able to probe a portion of this mass range, while the third stage of the
resonant operating mode could fully probe the predicted mass window.

At low energies, the axion field has also a coupling to the EDM operator for nucleons,

given by the blue framed term in Eq. 2.162, which gives rise to the nucleon EDM [114-117],

dy = gap a ~ 2.4 % 10*16%6 -em, (7.28)
a
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as Eq. 2.114 states. In the presence of an oscillating axion background field, a(t), this
interaction generates an oscillating nucleon EDM. Thus, when DM consists of the axion
field with ppy ~ mg a% /2~04 GeV/em3 [149] it could lead to an observable effect on

nucleons.
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Figure 7.8: The axion coupling to the nucleon EDM versus the axion mass. The blue
band is the prediction in Adjoint SU(5). The width of the band corresponds to the
theoretical error, as given in [115,116]. The region shaded in purple and red correspond
to the projected sensitivities for Phase IT and III of the CASPEr-Electric experiment [156].
The brown dashed line shows the ultimate limit from magnetization noise. Figure
extracted from Ref. [311].

The CASPEr-Electric experiment [154] is expected to probe axions with very low
masses, m, < 1079 eV, which is the region of interest for theories in which the PQ scale
has a connection to the GUT or the string scale [319]. See Chapter 2, Sec. 2.2 for more
details on the experiment. In Fig. 7.8 we present the predictions for the g,p coupling in
the axion mass window predicted by Adjoint SU(5). The region shaded in purple (red)
corresponds to the projected sensitivity for Phase II (Phase III) for CASPEr-Electric [156],
the latter will be able to probe a part of the mass window predicted by Adjoint SU(5).
The brown dashed line shows the ultimate limit from magnetization noise. As can be

appreciated, these predictions for the axion mass can be probed in the near future.
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7.2 DFSZ mechanism in SU (5)

The Peccei-Quinn mechanism can be implemented a la Dine, Fischler, Srednicki
and Zhitnitsky (DFSZ) [128,129] in GUT theories through a mixing term that connects
indirectly the axion with the colored fermions of the theory. It can be implemented in
SU(5) enlarging the SU(5)gg by an extra Higgs in the fundamental representation as
Georgi, Glashow and Wise proposed in Ref. [310],

5y~ (1,2,1/2)® (3,1,—1/3), (7.29)

Hj3 T

which contains an extra second Higgs doublet, H3. However, in order to make the theory
realistic, as mentioned in the introduction of this chapter, one needs an extra 45y to
correct the charged fermion masses and predict the observed SM gauge couplings at the
low scale. In the context of the scalar sector of this theory, the mixing term between
the Higgs doublets and the CP-odd phase in 24 reads,

V D 5243 (M 5ar + Ao 45g) + A3 5 5y Tr{24%} + hec., (7.30)

which implies that the 55 and 5/H must transform differently under the PQ symmetry
in order for the 24y to transform non-trivially under U(1)pq. For the symmetry to be
non-anomalous, each of the doublets must couple to a different Yukawa interaction of
the original SU(5). Since the fermion mass relation between the charged leptons and
down-type quarks must be corrected, the 455 must couple to the 510 interaction in
exactly the same way as the 5. In this context, the SU(5) ® U(1)pq theory has the

following Yukawa interactions:
Ly =10Y31055 + 10 (Y1 5% + Y245%) 5 + hec., (7.31)

which, together with the scalar potential needed to implement the DFSZ mechanism,
fixes the charges of the fields under the global PQ symmetry as follows:
Field| 5 10 55 5y 45y 24y
PQ charge ‘ a B =2 a+p a+p —(a+35)/2
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After SSB, the masses for the charged leptons and down quarks are given by Egs. 6.72,
whereas the mass of the up quarks in this context is given by the following expression

instead:
M, = V2(Y3+Y§)vy. (7.32)

Notice that, in this case, M, = M], which has strong implications for the proton
decay channels with antineutrinos, as we are already familiar with from the previous
scenarios. However, this time the symmetric nature of M, raises from a prediction of
the theory rather than from an empirical (phenomenological) need.

Moreover, an extra representation is needed in order to generate masses for the
neutrinos. There are several options, each of them leading to different mechanisms.
With two copies of a RH neutrino 1; = v, singlets under SU(5), the Type-I seesaw
mechanism can be implemented (see Sec. 1.2 and Sec. 6.2 for more details). In this
case, the PQ would be fixed to 8 = —2« if 1 couples to 55, or B = a/2 if it couples
to 5, instead. The next option regarding simplicity would be the addition of a scalar
antisymmetric representation 10z and implement the Zee mechanism as presented in
Sec. 6.3. In this scenario, the relevant Lagrangian for the neutrino mass generation is

given by Eq. 6.70, which fixes the PQ charges as follows:

5— e 5, 10 — e~ % 10, [ e

24 — 2 24y, 5u/455 — e 55 /45, 105 — e 2 105.

See Sec. 6.2 from Chapter 6 for the discussion of other possibilities to generate neutrino
masses in this context.
Coming back to the scalar potential responsible for the implementation of the DFSZ

mechanism, the interactions in Eq. 7.30 written in terms of the SM fields read as
V D (m2y + AH| Hy)H| Hy + HIS2(AaH + A Ha) + h.c.. (7.33)

Following the approach that we introduced in Chapter 2, let us determine how much
of the axion lives inside each of the scalar representations. After SSB, all neutral fields

acquire a vev and the CP-odd component can be written as a function of the two GBs
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generated by the spontaneous breaking of two global symmetries of the scalar potential:

v V1 i(qa a
0o o YL ai/vi _ 761((1 az+PQ a), (7.34)
! V2 V2
Vo () i(ad a
HO 5 2 az/va _ 761@ az+PQy a)7 (7.35)
2 V2 V2
v3 V3 i(p 4 ~
HY o Bias/vs — 28 ji(qaz+PQy “)7 (7.36)
3 V2 V2
S O US jias/vs _ YZ jiPQpa (7.37)

V2 V2

where @ and az are the phases of the axion and the EW GB eaten by the Z,
respectively. The ¢ factor is the contribution related to the EW quantum numbers
and PQ, parametrizes the presence of the axion in each of the scalar representations.

The terms of the scalar potential fix the following conditions for the PQ, charges:

As done explicitly in Chapter 2, linearizing the kinetic terms we end up with two

conditions,

v?PQ, +viPQ, +v3PQ; = O, (7.39)
vi PQY + 05 PQ3 + v PQ3 + v PQS, = nj, (7.40)

where the first one is due to the orthogonality of the GBs, and the second one is
demanded by the normalization of the kinetic terms, being n, the normalization factor
of the CP-odd phase & = a/n,. The above conditions fix the presence of the axion in

each of the neutral scalars as follows,

vl e Vo ia 3 7@,(1}%4;02)1 Us 71(% a
—e'n, HYD —=e'w, HJD —=e 3/t ¥y D —=e \*3/)7

V2 V2
where v = \/v% + v% + v% = 246 GeV, and

Na _ \/vf+v§v\/1+ v% v? N’UQ’UZ) 7.42)
U3

H? 5

n

PQ, dof(vf +03) 205
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In the last step from Eq. 7.42, the limit vs; > v1, v9, v3 has been taken, which is justified
by the fact that Mgyr is about 13 orders of magnitude higher than the EW scale. As
expected, Eq. 7.42 brings out that the axion lives predominantly in the 3 field.

In the broken phase, the Yukawa Lagrangian from Eq. 7.31 reads as,

i Lﬂg)z _ , .
Ly D ugrMyure l( vio ) +dr Mgdre *n + ég M.er e *n +hec., (743)

where, by applying the following PQ rotations,

vi+o3 a
n

UL/R—>€ ' 2v3 /UL/R, dL/R%ei’ﬁdL/R, and eL/R%eil%eL/R, (7.44)

the axion can be reabsorbed from the Yukawa Lagrangian and the following GG term
is consequently generated (see Eq. 2.111):

as a 3v?

LD =" G G, 7.45
2 8rn o2 e (7.4

Comparing the above expression with Eq. 7.12, one can identify the PQ scale as

2
(] v (>
fazi—i?’ ~ =

_ ~ U2 46
N 32" 6 (7.46)

Therefore, in order to predict the mass of the axion in the context of this simple GUT
theory based on SU(5), the GUT scale needs to be determined. As in the KSVZ-SU (5)
scenario described in Sec. 7.1, the GUT scale is fixed by the unification constraints on

the gauge couplings and the experimental bounds on proton decay.

7.2.1 Predicting the GUT scale

This scenario is very similar to the Adjoint SU(5) discussed in the previous section
because ®1, ®3 and Hy C 45y play the key role in achieving unification. ® Here,
however, there is an extra Higgs doublet, H3, although a significant impact in the RGEs
from the fundamental representation of SU(5) is not expected (see Table 6.1). Fig. 7.9

%In this case we do not have the fermion fields in the 24 contributing to the RGEs, but we note that
their splitting is small and so it is their contribution to the running equations.
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displays the parameter space allowed by the unification conditions shown in Egs. 6.19
and 6.20 in the context of the simplest realistic GUT where the DFSZ mechanism can
be implemented. Unification constraints determine Mgyr as a function of Mg, and
the doublet masses My, and My, as shown by the blue region in the left panel in
Fig. 7.9. We note that, in this case, there is no problem at all in having a light ®3 since
it does not mediate the decay of the proton because, in this case, the fields in the 455
do not interact with the 10 10 in the Yukawa Lagrangian. On the right panel of Fig. 7.9,
we show the relation between Mgyr and agyr. As in the left panel, the region shaded
in blue satisfies the unification constraints as we vary My, and My, from 1 TeV to
the GUT scale. As in the previous case, the upper bound on the GUT scale is given by
the lightest possible value of the Manohar-Wise ®; ~ (8,2,1/2), Mg, > 1 TeV [286],
shown by a purple line in Fig. 7.9. Elseways, the lower possible GUT scale is fixed by
proton decay bounds.

Analogously to the Adjoing SU(5) ® U(1)pg, the most constrained proton decay
channel depends on the unkown V, factor and, unfortunately, cannot set a lower bound
for Mgyr. See Fig. 7.10 for the prediction on the proton lifetime in this channel under
several choices of V, for illustration. However, for the next strongest bound, p — K7,
the prediction of the proton decay width for the channels involving anti-neutrinos can
be cleanly predicted because M, = M in this context. The decay rate, together with
that for the p — 7 channel, are given by Eq. 6.52. As the reader can notice from this
equation, the relation between the two decay channels into anti-neutrinos is fixed.

In Fig. 7.11, we present the predictions and correlation for both proton decay channels
into antineutrinos. The red shaded area shows the excluded parameter space from SK
bounds for both 7(p — K*7) > 5.9 x 1033 years [271] and 7(p — 7 7) > 3.9 x 1032
years [272]. The projected bounds on the decay channel p — Kt from the HK
collaboration 7(p — Kti) > 3.2 x 1034 years [320] and the DUNE collaboration
7(p = KTv) > 5 x 1034 years [317] are shown with a green and orange dashed lines,
respectively. The purple shaded areas correspond to the parameter space excluded by
collider bounds on the colored doublet Mg, > 1 TeV [286], where we have assumed

the My, , = Mgyr in order to account for the largest possible range.
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Figure 7.9: Unification constraints in the parameter space. The region shaded in blue
satisfies the unification constraints. The red area corresponds to the parameter space
ruled out by the SK collaboration 7(p — K*v) > 5.9 x 1033 years [271], the green
and orange dashed lines show the projected bounds from the HK collaboration 7(p —
K*7) > 3.2 x 103 years [320] and the DUNE collaboration 7(p — K+7) > 5 x 1034
years [317], respectively. The parameter space excluded by collider bounds on Mg, > 1
TeV [286] is colored in purple. Left Panel: In blue, prediction of the GUT scale as a
function of the ®; ~ (8,2,1/2) mass. Right Panel: In blue, prediction of the GUT
scale as a function of agyr. In gray dashed lines we show the sensitivity of different
hypothetical decay widths for the p — K7 channels. In both panels the width of the
blue band scans over the possible mass range for the Higgs doublets Hy and Hs. Figure
extracted from Ref. [321].

We note that the theory predicts the upper bound on the proton decay lifetime for

the channels with antineutrinos,
m(p— KT0) <35%x 103 yr, and 7(p — 777) < 1.8 x 103 yr, (7.47)

which expose the theory to be tested in current or future proton decay experiments. We
emphasize that the peculiar feature M, = M. from this theory allows us to predict

the upper bound of the axion mass window.
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We show the experimental constraints for proton decay in both of the panels in
Fig. 7.9 as follows: we show in red the excluded region by the bound on p — KT
from the SK collaboration, 7(p — K*v) > 5.9 x 1033 years [271], whereas the projected
bound on the same decay from the HK collaboration, 7(p — K*7) > 3.2 x 1034
years [320] and the DUNE collaboration, 7(p — KTv) > 5 x 1034 years [317], are shown
with a green and orange dashed lines, respectively. We remind the reader that with the
45y alone unification can be achieved, as shown in Fig. 7.9, and the splitting in the
5%; helps to increase the parameter space where unification occurs. We find that the

allowed window for the GUT scale is given by

Mgyr = (1.12 — 10.45) x 10'° GeV. (7.48)

7.2.2 Axion mass and phenomenology

According to Eq. 7.24, in the context of the f, obtained in Eq. 7.46, and the relation
of the (24f) with the GUT scale, given by Eq. 6.12, we have that

(7.49)

M 1
Mo = 5.691(51) x 107 eV <1012Gev/ Meur ) |

vaagur 2v 30w
N———

fa
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Figure 7.11: Correlation between the proton lifetime prediction for the channels p —
K*v and p — 7 with respect to the axion mass. The regions shaded in red show
the parameter space excluded by the proton decay bounds from the SK collaboration.
The green and orange dashed lines give the projected bounds from the HK collaboration
and the DUNE collaboration, respectively. The region shaded in purple is the parameter
space ruled out by collider bounds on ®; assuming My, ;, = Mgyr. Figure extracted
from Ref. [321].

We note that the decay width of both channels depends on the ratio (agur/Mgyr) in
exactly the same way as the expression above, allowing then to relate both observables
by

ma ~ 4.5/7/4(p = KT) eV. (7.50)

Therefore, if any of these two decay channels is discovered in proton decay experiments
one can automatically predict the other channel and the axion mass, as shown in
Fig. 7.11. In there, we present the prediction of the axion mass from the lifetime of any

of the proton decay channels into antineutrinos. The white region in Fig. 7.11 shows the
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available window for the axion mass in this model, which is predicted to be
me = (1.87 — 16.05) x 1077 eV. (7.51)

On the other hand, the bounds on the axion mass, which we will present in the
following, can constrain the proton decay channels as Eq. 7.50 states. This powerful
correlation is an outcome from having a consistent and self-contained theory as a
framework. Notice that it relates unambiguously several predictions, what allows to test
the theory and make progress if those are successfully noted.

In the following, we study the axion couplings to SM particles in the predicted mass
window. We focus on the axion to photon coupling and the interaction between the
axion and the EDM of the neutron for which there exist experiments that could probe
this scenario. In this work, we consider the case in which the PQ symmetry is broken
before inflation and in order to achieve the correct DM relic abundance we assume an
initial misalignment angle of 6; ~ 1072 [132-134], as in the KSVZ scenario.

The interaction between the axion and photons can be obtained by rotating the
axion field from the Yukawa terms of the charged fermions is given by the red framed
term in Eq. 2153, where the effective coupling g, is given by Eq. 2.123 with E/N =
8/3 as in the KSVZ-SU(5). 7 In this theory, the fields contributing to the E factor,
which is given by,

1 2 2 2.2 2
Eo2x 2| (1) x3x2+(2) U™ g0t (—1)2x2|x 2 =16
3 ) — ~~

n 3 : o LR
dy, ur,
(7.52)
are listed below:
[ \Va Vel [ YV Vel Y
b | b |
a---& U v + a---€_ d vy 4+ === . (7.53)
8 8
[ AV Vel [ AV Vel Y

"This is common when rotating complete representations of SU(5).
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We present our results in Fig. 7.12. The solid blue line corresponds to the g,
coupling in the predicted mass window and we show the projected sensitivities of
the ABRACADABRA experiment [150]. The broadband approach in its Phase III, which
corresponds to a configuration with magnetic field of 5 T and a volume of 100 m3, will
be sensitive to a portion of this mass window, as shown by the orange region. This
sensitivity takes into account only the irreducible source of noise in the experiment.
Phase III of the resonant approach, shown by a purple dotted-dashed line, will be able
to cover most of the predicted mass window. The latter assumes that the noise in the

SQUID is much smaller than the thermal noise.
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Figure 7.12: Left panel: The axion coupling to photons as a function of the axion
mass. The blue solid line corresponds to the prediction in the theory considered in
this paper. The region shaded in orange gives the projected sensitivite for Phase III of
the ABRACADABRA [150] experiment using the broadband approach. The purple dashed
(dotted-dashed) line corresponds to Phase II (Il) of the resonant approach. Right panel:
The axion coupling to the neutron EDM as a function of the axion mass. The blue band
corresponds to the theoretical error on the g,p ocupling [115]. The region shaded in
red gives the projected sensitivity to Phase III of the CASPEr-Electric [156] experiment.
Figure extracted from Ref. [321].

The DM axion background field induces an oscillating EDM for the neutron, given

by Eq. 7.28 for the f, predicted in this context. The CASPEr-Electric [154,156] experiment
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aims to measure this oscillating nEDM and Phase III of this experiment will probe the
lower portion of the predicted mass window as shown in Fig. 7.12. Experimental limits
have already been found using this search strategy [322]. However, the advanced stage
of CASPEr-Electric we show in Fig. 7.12 relies on technology that is currently under
development. When the projected sensitivities for ABRACADABRA and CASPEr-Electric
are combined, these experiments will be able to fully probe the mass window in Eq. 7.51.
See Chapter 2 for more details on these axion experiments.

One important difference between this scenario and the one studied in Section 7.1 is
that here the axion has a tree-level coupling to electrons. However, all the experimental
constraints on this coupling are well above the prediction for the QCD axion with mass
around 1079 eV. It is important to emphasize that this theory can be fully tested using

the predictions for the axion mass and upper bounds on the proton decay lifetimes.

7.3 Conclusions

The QCD axion remains one of the most appealing candidates for the DM in the
Universe. We have discussed the implementation of the DFSZ and KSVZ mechanisms
in renormalizable grand unified theories based on the gauge symmetry SU(5) since
in their context the axion mass can be predicted. In order to connect the GUT scale
to the Peccei-Quinn scale we require the same scalar field to break both symmetries.
We showed that in the simplest renormalizable models the 55 and 455 Higgses must
couple in the same way to matter and have the same Peccei-Quinn charge.

In the first part of this chapter, we have shown that the same fermionic field, 24,
needed to generate neutrino masses can be used to implement the KSVZ mechanism.
The colored and the electrically-charged fields in the 24 generate the couplings of the
axion to the gluons and the photons respectively, while the rest of the fields generate
neutrino masses through the seesaw mechanism. We have investigated the unification
of gauge interactions taking into account the collider and proton decay constraints and
we have found that the allowed GUT scale is in a small range which allows to predict

the axion mass in the window

m&VZ — (2.9 — 13.5) x 1079 eV.
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We focused on the scenario where the PQ symmetry is broken before inflation and
discussed the predictions for the different axion experiments showing that this theory
could be fully tested in the near future by the ABRACADABRA and the CASPEr-Electric
experiments.

In the second part of the chapter, we presented the minimal realistic renormalizable
GUT theory where the DFFZ mechanism can be implemented, following the idea of
Wise, Georgi and Glashow. The PQ scale is determined by the GUT scale which predicts

the axion mass in the range:
mPS ~ (2 — 16) x 1079 eV.

The fact that the mass matrix for up-quarks is symmetric implies that the proton decay
channels with antineutrinos is a function of the known mixings at low energy. In the
DFSZ-theory (and also in the KSVZ-theory for consistency with proton decay bounds),

the upper bounds on the proton decay lifetimes with antineutrinos are given by
7(p— KT0) <4 x 103 yr, and 7(p — 777) <2 x 10% yr.

These theories are unique due to the fact that they can be fully probed by proton
decay experiments such as DUNE or Hyper-Kamiokande and axion experiments such as
ABRACADABRA or CASPEr.

The theoretical framework studied in this article based on SU(5) x U(1)pq can
be considered as appealing theory where it is possible to understand the unification
of the SM forces, the origin of neutrino masses, DM, the strong CP problem and the
baryon asymmetry through leptogenesis. Furthermore, the lifetime for the proton can
be predicted and exotic signatures at colliders are expected.

It should be remarked that the beauty of these theories relies on their capability to
predict the axion mass together with some correlations among other observables that

arise a a consequence of having a well-defined and consistent theory as a framework.
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transitions

If the apparent disagreement between the SM predictions for the observables
involving b — ¢ transitions and their experimental values is further confirmed, these
flavour anomalies will become a clear claim for NP affecting the weak sector. Keeping
in mind that the SM cannot be the ultimate theory, as we have discussed along this
thesis, we should adopt the perspective of an EFT whose Lagrangian can be written as

an infinite expansion of operators of all possible dimensions,

o0
Lo =L+ Afil o, (6)
n=>5
where C,, are dimensionless quantities that parametrize the strength of each operator,
called Wilson Coefficients (WCs), and L, is the renormalizable SM Lagrangian. In this
way, any NP effect can be parametrized as a function of the terms from the above
expansion, suppressed by the scale of NP A. A semi-leptonic decay such as those based
on the transition b — ¢7 can be described by four-fermion operators, so that we will
stick to the most general dimension-6 Hamiltonian at the bottom quark mass scale,

invariant under SU(3). ® U(1)q, involving such fermion currents:

4GrV,
Het = \%Cb Ofr+ E Cip Oip | » 8.2)
X=S,V,T
AB=L.R
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where the operators are classified according to their Lorentz structure and the chirality

of the currents composing the operator, as listed below:

O%p = (c7"Pad) (Fy.Ppv) ,
055 = (¢Pab) (7Ppv)
Ohp = 6ap (60" Pab) (Fo,,Pav) . (8.3)

We note that the tensor operators have two currents with the same chirality. This is a
direct consequence of the Dirac-algebra identity y50*” = —% ghv aﬁaaﬂ, which implies
O @M 5 = 0,75 @0 and 0,75 ® M5 = 04, ® 0, ! where @ symbolizes the
contraction between two fermion currents. See also the Fierz identities in Appendix A.
Notice also that the above effective Hamiltonian is built from the SM matter fields plus
a RH singlet v ~ (1,1,0). We will consider the existence of light RH sterile neutrinos
in order to obtain the most general expressions for our study.

Last thing to remark from Eq. 8.2 is the factorization of the SM contribution from
the LH vector current: the normalization of the Hamiltonian in Eq. 8.2 is chosen such
that it matches with the contribution from the integration of the 1, boson. In this
way, by setting all WCs to zero the SM is recovered. In other words, any non-zero WC
automatically implies NP associated to an UV-mediator whose integration generates at

low energies the corresponding non-renormalizable operator.

8.1 New physics behind the b — ¢ anomalies

There are in total eleven (tree-level) UV-mediators from different nature (scalars,
vector bosons, LQs) that could generate a non-zero WC in the effective Hamiltonian listed
in Eq. 8.2. Those can be found by considering all possible tree-level interactions between
the fermion fields and a generic new mediator, in this case including the sterile RH
neutrino vg ~ (1,1, 0) as part of the matter content. In Tab. 8.1 the quantum numbers
under the SM gauge group of the matter fields, expressed as left-chiral fields, are listed.
Let us consider the three point interaction between a couple of fermions, ¥y, and @y,

and the new mediator: £ D W%CA@ 1, for scalar interactions, and £ D \ITLfy“A”CI) I

0123 _

'We will use the convention & —e0123 = —1 along this chapter.
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Field /r, Qr B (u®)r, 7(dC)L (€))L (V)L

Table 8.1: Quantum numbers of the matter fields potentially involved in the b — c7v
transitions according to the SM gauge group: (SU(3)., SU(2)L,U(1)y).

for spin-1 bosons. By imposing to these vertices Lorentz and gauge invariance, the
interactions collected below are allowed, where the fermion lines have been chosen to

reproduce the transition b — c7v.

-Scalar mediators-

+
o= (o) ~ 02172)

ot x<& qﬁ\{& ot ~,<4L ot ~,<‘*L
~S e ~ e ~8 12 ~ v
CrL A Chr " & f Chr f
S1~(3,1,1/3)
qr, ——o—— ({1)° qL ——0—— ({1)° qr, ——e—— ({1)° dr ——0—— (vg)°
s] <<"R)C s] .((” s] <dR s] <(ea>"
CfL— 10 N N Chn

Ry ~(3,2,7/6)

qL ——0—— €R

I

58 1AT
Crr+ 101

UR

£y,

S3 ~ (37 37 1/3)

Ry ~ (3,2,1/6)

dp —>—0—— (|,

Ry

~S | 1AT
Crr+ 1CkR

qrL

<

VR
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-Vector mediators-

Ul ~ (3,1,2/3)

dp —>—0—— €R qL ——or—>— /{1, ., ——oe—— /{1, drp —>—O—— €R
U{L < UR U{L < qL U{L < UR Uf < qL
Chr VA ClL b Cir n Cir b
_ U{~(3,3,2/3) V'~ (3,2,5/6) _—_ VF~(3,2,-1/6) __

4L —>—0or—>— {j, dr —>—0—— (£1,)¢ qr, =——0r>— (VR)°
vy < " Wi { a (V) < (eo)°
ClL b Chr (er)* Cir e
Wt~ (1,3,0) . VE~(1,1,-1)

qr qL dR UR

, 193 eRr
w'r Ve

AV J4 1% VR
Crr L Crr

The WCs to which the previous diagrams contribute are listed below each
interaction. Furthermore, the interactions are also labeled as LH and RH according
to the chirality of the leptonic current involved. In the following, we will show explicitly
how each of the eleven mediators contributes to the effective Hamiltonian in Eq. 8.2
when integrated out. However, one last thing should be remarked before starting. In
the diagrams above, the WCs generated by the possible mediators have been labeled
with a tilde. This is because they are different from those appearing in Eq. 8.2 as a
consequence of the hierarchy of scales.

The Hamiltonian in Eq. 8.2 describes b — c7v transitions in terms of the WCs

of an EFT framework defined at the b-quark mass scale. The EFT in this range is
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conventionally called Weak Effective Theory (WET) and is composed of the five lightest
quarks and the three generations of leptons, and ruled by the SU(3). ® U(1)q gauge
symmetry. This is a valid approach assuming - as strongly suggested by all available
collider data - that no new d.o.f. exists coupling to this channel with a mass around or
below the b quark. However, our goal is to gain insight into the high-energy structure
of the theory. To that aim, renormalization-group techniques are used to relate the
coefficients entering in the b — ¢77 transitions at the level of the experiment to those
relevant at the scale of the potential new high-energy d.o.f.. This process involves

several scales and thresholds, as illustrated in Fig. 8.1. Notice that above the EW scale,

Figure 8.: Relevant scales for the study
of the B anomalies. The dashed lines
Anpl = = = = = = indicate the thresholds between different
) EFTs. The WCs C;[A] are dimensionless
Ci[A] parameters encoding the NP effects, while
the C;[A] are their transcription at the
b-quark scale, taking into account the
Cy[A] different EFT frameworks where they are
defined and the running effects between

Aaonp - - - - - - th
em.

the Lagrangian has not undergone SSB and, therefore, the fermionic fields should be
expressed in terms of weak eigenstates rather than mass eigenstates. Moreover, the top
quark, the EW gauge bosons and the Higgs boson have to be considered as new d.o.f.
in the theory. The relevant framework at this scale is the full SM including the RH
neutrino, with the addition of the effects of NP. In order to relate the physics at the
different scales, one should take into account the gap between the scale where the NP
d.o.f. generate the corresponding effective Lagrangian after they are integrated out, and
the bottom quark scale where the b — c77 transitions take place at experiment. The
first EFT should be invariant under the SM gauge group SU(3). ® SU(2), @ U(1)y,
while the second one corresponds to the WET. Such energy gap will generate the running
of the operators that will determine the relation between the C; and the WCs appearing
in Eq. 8.2. For the first gap (Aqcp — Agw), the relation of the WCs in Eq. 8.2 to the
coefficients at the EW scale is determined by QCD and is known [323-326]. Finally, one
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has to consider the running from Agw to Anp [327-331]. The corresponding equations
can be solved numerically, but also analytically to very good approximation [332].
From the eleven possible mediators generating relevant contributions to the b — c7v

processes, we will start analyzing the spin-0 fields.

811 R, ~ (3,2,7/6) scalar leptoquark

According to the quantum numbers of this scalar LQ, the possible interactions

allowed by Lorentz and gauge invariance read as,
— L2 5 Y, ()T CRYqr, + Yo (u®)FClioa RY) 01, + hec, 8.4)
which can be written in a perhaps more suitable way,
— L™ 5 Y, eg Ry qp + Y ug (iooR5) 01 4 hec.. 8.5)

where we used the identity (V¢);, = (V)¢ (see Appendix A), The fermion fields v, d, e
and v represent each of the three family members with the same quantum numbers. The
Yukawa couplings from Eq. 8.5 are the matrix elements corresponding to the particular
u, d-type quarks and the e and v leptons involved in the transition. Therefore, they will
be considered as c-numbers instead of matrices. > Ry is a doublet under SU(2), so
that it decomposes in two components split by the isospin, i.e. Ry = (Rg/ 3,R§/ 3)T,

where the super-index refers to the electric charge of the field. In these terms,

— ,CRZ D) }/eq@ (Rg/S*uL + RS/S*dL) + Y., ugr (Rg/SI/L — Rg/geL) +h.c.. (8.6)

The above Lagrangian explicitly shows that the relevant fields for the b — ¢77 transition

/

is going to be R% ®_ It is reasonable to assume that its mass is heavier than the energy

scale where such process takes places. Therefore, by solving the equations of motion,

st

O _o = RP=
SR ?

1 Y ~
— vz (YuTRvL + Y5 dier) + OMgh, ®D
R>

*

2That is why we will use * instead of T, and the coupling will not be affected by the possible

transpositions.
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where the kinetic term of Ry has been omitted since it contributes to higher order
terms in the heavy mass expansion. Substituting this in Eq. 8.6, we obtain the following

effective Lagrangian,
Rg/ 3 }/eqYuZ

ﬁeff Mlz%z urvy erdr, + hec.. (8.8)

In order to relate the above interactions with the effective Hamiltonian presented in

Eq. 8.2, we should reorder the fields by using the proper Fierz identities: 3

R§/3 . )/eqyuﬁ
eff T 2
2M2,

1
<uRd LERVL + 1 URO o dr eRaWuL> + h.c.. (8.9)

From the above Lagrangian one can easily identify the non-zero WCs predicted in this

context, C’f ;= 4CN'EL, which are besides correlated as a consequence of applying the

/3

Fierz identities at the scale where R; is integrated out.

812 R, ~ (3,2,1/6) scalar leptoquark

This case is very similar to the previous one; we are also dealing with a scalar LQ,
doublet under the SU(2);, gauge group. The allowed interactions with matter for Ry

are given by
— LR 5 v, (d9)TCioa R L + Vg (v9)ECRY qr + hic.. (8.10)

Rewritting the above Lagrangian in terms of the two components of Ry, ie. Ry =

(R; 1 3, Rg/ 3)T, and also applying the proper charge conjugation relations,
— £R2 D ngﬁ (R;l/gl/L — ~§/3€L) + quﬁ (Rg/g*uL + R;l/g*dL) + h.c., (8.11)

one realizes that the relevant field for our study, i.e. the one that can contribute to

b — crp, is RS/ 3, Proceeding as before, we end up with the following effective
Lagrangian:
R YaeYog o
Ly =220 (puy) (dger) + hee. (8.12)
M ES

3The Fierz identities that are used in this case, and also in most of the following scenarios are listed in
Appendix A. This also applies to the charge conjugation properties.
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Applying the Fierz identities, one can easily get the convenient form,

~ * *

RO YV

eff 2
2MR2

1
(uLdR eLVR + 1 uro*dgr eLUWVR> +h.c, (8.13)

that allows one to identify the WCs involved. * In this case, C’g R = 4C’£R, which are

related among them by the application of Fierz relations.

8.L.3 S; ~ (3,1,1/3) scalar leptoquark

This case looks in principle simpler since S is an EW singlet, however there are

many interactions allowed. The Lagrangian in this case reads as,

L5 = Yy (qr)¢io9lS1 + Yeu €R(u€) ST + Ya, drS7(v°)L
+ Youa @R (d€) L.S1 + Yy (qr)¢i0255 g1, + hec..

(8.14)

After integrating out S, the relevant interactions for b — ¢77 transitions are given by,

1 — _
ot gz (Yoo RN LYo = Yo Yo Do) e
(8.15)

—W@@mﬂmw+mmwwwﬁﬂﬂwﬁ

Note that S; mediates proton decay and baryon number conservation would require
Y4 = 0 (S cannot be too heavy if needed for accounting on the B-anomalies). Doing
some gymnastics with the Fierz identities and the properties of the charge conjugate

operator, the following effective interaction is derived,

YouYr (. 1_ _
[’eff - — 237\1[2’1 <uRdL ERVI, — ZURO'M,,CZL eRUWVL)
S1
YY" 1
+ 2&;\”42(12 <ULdR eLVR — ZﬁauudR ero WVR) (8.16)
S1
YqZY* Y* Y
- 2 uryudr ecy've +  URYudr €RY"'VR + hc.,
202 202,

“We note that the hermitian conjugate in Eq. 8.12 has been used to bring the interactions to the familiar
form of the operators in Eq. 8.3.
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where the reader can recognize by inspection the generation of the following WCs:
C’f L= —4C~’;3FL, C*]%R = —4C~'£R, C’XL and CN%R, related as explicitly written down.
8.1.4 S; ~ (3,3,1/3) scalar leptoquark

Here we have an SU(2)y triplet (as in the previous scenario, this field could

contribute to proton decay), whose normalization is fixed by its kinetic term,

1/3 4/3
Ss = L5 S a3 \/5513/3 : 8.17)
2 \v2s; —53
and whose interaction with the matter fields reads
— L5 > Y (qr)%i09S30r, + hc.. (8.18)
The relevant field in this case is clearly Sg/ 3, Integrating it out, we get
1/3 Y*Y )
o Gl ((dL)CVL q(uL)C> the, (8.19)
which, rewritten in a more familiar way, as we have done in the previous cases,
1/3 Y Y
£l = 8 gy, dp epyur) + he, (8.20)
8M2,
allows us to identify the contribution to the C’XL WC.
815 & ~ (1,2,1/2) second Higgs boson
For a Higgs boson, the following interactions are allowed,
—£% = Y¥u)IC(ioy®") g + Y (d)ECdlqp
+Y (e Ecadt, + Y (v9)EClion®*) Tl + hec., 8.21)

from where one can recognize the familiar Yukawa Lagrangian in the SM. In this case
the relevant field is the charged component of the doublet ® = (&, ®°)7. In terms of
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isospin components of SU(2)y, the above Lagangian reads as,
— L2 DY urdtdy + Y eg® vy + Y URer®T + Y dpur®* 4+ he., (8.22)

which leads to the following effective Lagrangian after being integrated out:
YY)y Y*Y

Lo >~ (Urds) (@Rve) + 355 (€Rve) (WEdp)

M o+ (8.23)

Y*Y, Y,Y,
;w—%(wm@m e - (eLvr)(urdr) +h.c..

_|_

From the above Lagrangian one can identify the contribution to the CN'E I CN';% R CN'E R
and C’Ig 7 WCs.

All scalar possibilities have been considered, and now we will start with the vector

d.o.f. that can mediate b — c transitions.

8.1.6 U; ~ (3,1,2/3) vector leptoquark

This vector LQ has the following interactions with the matter fields:
— LY O Y @iy, UL + Yae dpyuUl'er + Yo Ty, Ul'vr + e, (8.24)

Integrating out Uy, we get the effective interactions listed below,

1 . o —
ﬁeUffl = MT (YorYoe vyuur dpy*er + Y Yo, €0yudr ury" v
(8.25)

+Y sze ULYuUL dryter + Y .Y €rRYudR URY VR) + h.c..

Applying Fierz identities, we can rewrite the above Lagrangian as follows:

1 o _
ngl :W (}/;ﬂ}/:]g UL"Y#dL eL"}/MZ/L - 2Y ZYUV(uRdL)(eLVR)
Uy (8.26)

_2Yd2K1€ urdrervy + Yd*eyuu ﬁ?ﬂud}% @VuVR) + h.C.,

which contributes to the WCs: C’XL, C’ER, CN’}?R and é]%L
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8..7 UL ~ (3,3,2/3) vector leptoquark

For the colored and SU(2), triplet vector Us LQ, the allowed interactions are,
— LY D g iy, UL + hee, 8.27)
which can be written in terms of its EW singlet components as,

— LY > % KWU;{?’ + \/iﬂU?;}/g) Yo+ (\/iﬁUgf — EUgf) ’y“eL} +h.c..
(8.28)
Note that this LQ only couples to LH fields. Integrating out the Ug /3 the following

interactions are obtained,

U2/3 g*gg l _
of = _qi;] uryudrery*ve +he., (8.29)
AME,

which contribute to C’XL

8.1.8 V}' ~ (3,2,5/6) vector leptoquark
2

The possible interactions of this LQ with the matter fields are given by,

- [’VQ DYge qji02‘6u*7u (GC)L + Ged EiUQVQM*'Yu(dC)L + Gqu qjv;’m (UC)L + h.C.,

(8.30)

which, taking into account that V5 = (V24/ 3, V;/ 3)T, can be rewritten as,

L% Dgqe (V[ * 9" = A Vo )€+ g0a T Vil 7" 3
— e Vol ) (d) 1 + ggu (UL Voo + dp Vgl *4") () + hice.

This LQ also mediates the decay of the proton, and one has to assume Yy, = 0 to

avoid the strong experimental bounds on these AB = 1 transitions. Integrating out the

/3

relevant field for the b — c7¥ transitions, i.e. V21 , we have

Vo' Gi49qe ey, (e,
L =732 ou(€)r(d)ry"ve +he. (8.32)
Va
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Finally, by applying Fierz identities and charge conjugation properties we get to the

desired form of the effective Lagrangian,

V21/3 _ gzdgqe

urdregvr + h.c., (8.33)

that allows us to identify the solely contribution to the é’}% 7, WC.

8.9 V} ~ (3,2,—1/6) vector leptoquark

The interaction Lagrangian for this LQ is given by,
—L£Y22 gy, Lrioa Vi 7, (u®) 1+ 9q0 Trioa Ve 7, (V) L+ Gqa TT V4 v, (d€) L +hic., (8.34)

which can be written in terms of the EW components as,

(8.35)
—dr v1/3) v )L+qu (WL v2,{ +dp VP (d) L + he,

where we have taken into account that Vo = (Vl/ s ‘72_2/ 3)T. Now, by integrating out

1/3

the field able to contribute in b — ¢77, ie. V2 , and only taking into account those

interactions that are relevant for this process, the effective Lagrangian generated reads

as / %
‘71 3 gﬁugqy -
5 eL,-)//J'(

L. u)p, (V) Lyudr + hee.. (8.36)

Vo
Rearranging those terms by playing with the Fierz identities and charge conjugation

properties, we end up with the following effective Lagrangian,

VS Geudy
L£p D2- Y
g M2

Va

urdr, eLvr + hec., (8.37)

where we can identify the contribution to the CN'E r WC.
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8.1.10 W'* ~ (1,3,0) vector boson
This scenario might be more familiar to us, because of the EW W, gauge boson.
The interaction Lagrangian is given by,

— LY D g, W gL + ge LWy, L, (8.38)

which, expanded in terms of its SU(2)z components, reads as

9

w' - 94 i
- L% o == (dLW;; 7“uL—i-h.c.)—i-\/§

3 (QWL_W“VL + h.c.) . (8.39)

Integrating W'~ out we directly obtain an effective Lagrangian in the desired form,

9o 9q
2
2MW’

Lo (updpepvr +he.), (8.40)

so that immediately we can recognize the contribution to the C’XL WC.

8111 V#* ~ (1,1,—1) vector boson

This SU(2);, and SU(3). singlet, only charged under U(1)y, has the following

allowed interactions with matter:
— LY 5 guag () Ly, (d) LV + gue (v°) 17" (€) LV + hec.. (8.41)

By using the properties of the charge conjugate operator, the previous Lagrangian can

be rewritten as
— LY > gua %’yﬂuRV“ + gve €RYuVRV" +hec.. (8.42)

After integrating out V/, the following effective Lagrangian is obtained,

GudJve
2
M 174

L= R, dr ery"vr + he, (8.43)
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which allows the identification of CN%R as the contribution of this mediator.

We are now aware of all possibilities that could be responsible of the so-called
flavour anomalies, i.e. all fields that can contribute to the b — ¢77 processes. We note
that, although there is for instance no direct contribution to the tensor operator from
any of the mediators, a non-zero tensor WC can be generated by the running from the

NP scale down to the relevant scale for these transitions.

The next step would be to control how the NP effects, encoded in the WCs, enter

in the b — c77 transitions. The latter can be easily tackled from an EFT perspective.

8.2 Leptonic transitions

Let us start from the leptonic decay of a pseudoscalar meson (i.e. J* = 07) into a
pair of leptons. For simplicity and posterior interest, we will specify the calculation to
the process B, — 7v. Starting from the hadronic part, parity tells us that only the axial
and pseudoscalar operators of our effective Hamiltonian (see Eq. 8.2) will contribute
to this amplitude. Lorentz invariance determines the structure of the outcomes of
the transition matrices. In summary, both possible transitions can be parametrized as

follows by symmetries; first, the axial transition,

(0[by,v5¢| Be(pB)) = ipBufB.: (8.44)

where mp is the mass of the meson B, pp,, is its four-momentum, and fp, is the
parameter that encodes the non-perturbativity nature of the transition. The pseudoscalar
transitions can be derived from Eq. 8.44 by applying the axial Ward indentity, therefore
getting,

2
. chch

0|bv5c| B, =— ) 8.45
(OfBsel Be(pp)) = —i P (8.49

The amplitude of the B. — 7 process shown in Fig. 8.2a and 8.2b ° for the process

with the LH neutrino in the final state is given by,

’Note that, since we are neglecting the neutrino mass, RH and LH neutrino channels do not interfere.
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c 7(pr)

B,
B.(ps) () 7(pr) ———0—— (py)

b 7(py)

Figure 8.2: On the left panel, the leptonic decay of the B. meson, B.(pg) —
7(pr)7(py). On the right panel, the same decay from the 7- (or B,) rest-frame.

m2
sz@Gsz)chcpr)((ch—ch)B +(1+ Chy, — CLVLWpB,L)PLv(pu).

+ myp
(8.46)
Similarly, the amplitude for the process involving a final RH neutrino,
S s\ M 1% 1%
M=V2G Ve [p0(p:)\(CRr = CLp) ——— + (Clr — CLr)V" Py |PrO(D)-
mMe + My
(8.47)

Hence, computing the squared amplitude of each channel, averaging among the
spins and helicities, and summing both contributions independently we get the total

amplitude of the process. The decay width is generically given by

1 _
'B—1+4+---+N)= M /dQN ‘MB—>1+---+N|23 (8.48)

for a N-body decay, where the N-body phase space is defined as

N
d*p;
dQy = (27) /H TxPE, S\ pe—> pi | (8.49)
=1

Particularly, for a two body decay, it is given by

1 \Pz\

AQ(pe 1) = vz e

d cos bpdo, (8.50)

where m = (pi + pj)* = s and p; are the momenta in the center-of-mass frame.
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Applying Eq. 8.48 we can compute for our scenario the following branching ratio,

2
mp,m2 [, G Va|* (1 B m3> y

B(B. — Tv) = 1B, S 5
™ my.
1+0Y, —c¥ +M(Cs —c¥ )2+ cY,.—CY +M(Cs —C85)
LL RL (mb + mc) RL LL RR LR (mb + mc) LR RR

where the decay width has been normalized by the total decay width of the B: Tgcl.

8.3 Semileptonic transitions: The helicity formalism.

In this section we will be dealing with a pseudoscalar meson B
decaying into another meson M. To compute the transition B(pp) —
M (pars A )€(pe, Ae)7(pu, Av), where Apg g, refers to the helicity of the meson, the
charged lepton and the neutrino, respectively, we will appeal to the helicity amplitude
formalism, which allows the factorization of the amplitude in an hadronic and a leptonic

pieces via a virtual gauge boson V; acting as a mediator,

B(pp) — M(pars Am)Vy (4, A) = M (pars Anr)e(pe, Ae)v(pus Av) (8.52)

where ¢ is the four-momentum carried by the the virtual mediator, ie. ¢> = (pp +
pr)? = (pr+p5)% and A (= 0, £1, 1) its helicity. Figure 8.3 represents the semileptonic
decay mediated by the virtual boson. In the B rest-frame, the kinematics of the decay
can be described by the four-momenta carried by the B-meson (p’é), the M-meson (p’](/[),

and the virtual boson (¢*), which are given by

mp Ey q0
0 0 0
Py = . Py = e ¢" =l —phy = o | (8.53)

(8.51)

2
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Figure 8.3: Visual representation of the relevant kinematical variables. In addition to the
lepton-pair invariant-mass squared ¢> = (p, — p5)?, we use as kinematic variables the
three angles ¢, 8y and 6p, which are defined as follows. Taking as positive z-axis the
direction of the D* momentum in the B rest-frame, 6, and 6p are the polar angles of
the 7 and the final D meson in the 7 and D rest frames, respectively. The azimuth
¢ is the angle between the decay planes formed by 7 and Dw. Figure extracted from
Ref, [333].

where

2

‘(ﬂ:\/AM(QZ) m% —m3; + q° EM:m2B+m?V_,—q
2m

= 8.54
4o 2mB ) 2mB 5 ( )

being Aj/(g?) the Killen function, defined as
Ani(g%) = Ami, miy, ¢°) = mi +miy +q" = 2mmi, - 2mi 0" —2mp ¢* - (8.55)

The Hamiltonian presented in Eq. 8.2 can be rewritten as

_Gr

Heip = ﬁvd, S (T + T+ T T (8.56)
X

where we have grouped the fermion currents in the Hamiltonian, factorized in their
hadronic J;, and leptonic .Jy parts, according to their Lorentz structure. We note that

the chiral projector in the hadronic currents has been explicitly expanded, and that
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those currents contain the information on the WCs. The different NP components of
the above Hamiltonian contribute to the amplitude for the decay B — M (Aps)¢(A¢)x

as follows,

M[B — M(Ar) €(Ne) Ux=1,R] = (8.57)
_ Gp
NG

Let us factorize the hadronic and leptonic currents above by letting the polarization

== Vo (M| BY(Ew]J5,|0) + (M |Jo] BY(w| ;" 0) + (M I | B)(€v]J75,|0))

vectors €, (A) of the virtual V7 boson play their role, which are defined in the B

rest-frame as

0 [q q0
1 | F1 1 0 1 0
6”(:‘:) = ﬁ ; 5 E'LL(O) = ﬁ 0 y and 6“(1&) = ﬁ 0
0 —qo —|q]
(8.58)

Inserting the completeness relation of the polarization vectors of the off-shell vector

boson in each of the amplitudes, i.e.

d o Ne(N) = g with G =61 =6 =1, (8.59)

the amplitude in Eq. 8.58 can be decomposed according to their Lorentz indices in the

following factorization of hadronic and leptonic tensors:
M[B - M()\M) E()\T) 5X=L,R] (GF/\[) cb M)‘M’/\Z

= (Gr/V2)Va > {(5YL5XL +CVx) Do Héiﬁ L@":’FA A
Y=L,R y

S g Ao, X
+ Cyx Hg! le;FP + Oy x Z‘SA ox H T " LT£$T5,/\X}‘ (8.60)
AN



8.3 Semileptonic transitions: The helicity formalism. 269

The hadronic helicities from the above expression are defined as follows,

Hyyl = () (Mlev* (2P1 )bl B), 8.61)
R
Hg) = (M]e(2P+ )bl B), (6.62)
R 4
HpY sy = i (N, (X)(M]eo" (2P )b B), (8.63)
R

where the hadronic currents have been expanded. On the other hand, the leptonic

helicities read as, °

X, = WO (2P1)w0), .69
X = (EO7IT(2PL)10), .69
Loy = —ieuNe(N)EO)770"(2P)u(0). 866

Because of the possibility of having NP in b — ¢ transitions suggested by the
experimental evidence, ’ particularly involving only the third generation of leptons, the
two upcoming subsections of this chapter are devoted to the cases M = D, D*, and the
charged lepton will be identified as the tau lepton, i.e. £ — 7. The procedure followed
here, although particularized to D™) is also valid for any pseudoscalar decaying into a
pseudoscalar meson JP = 0~ or vector meson JY = 17, addressed in the first and
second upcoming subsections, respectively. Both processes, however, have their leptonic
part in common, so that they share the leptonic contribution to the amplitude. To tackle
it, it is convenient to express the polarization vectors of the virtual gauge boson in the

V* rest-frame, where they simply read as

0 1
1|1 0 1 0

(£) = ZFE =il e"(0) = o | e'(t) = ﬁq” N (8.67)
0 -1 0

We did not specify the helicity of the neutrino since, as it will be shown later, it is fixed by the chirality
of the leptonic current.
"The reader is referred to Chapter 9 for details on the flavour anomalies found in b — c transitions.
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This can be achieved by boosting the polarization vectors in the B rest-frame, shown
in Eq. 8.58, to the V* rest-frame, with the following boost:

coshw 0 0 sinhw
0 10 0
Aw) = , (8.68)
0 0 1 0
sinhw 0 0 coshw

where coshw = (1 — v?. /¢®)~/2 = ¢o/1/¢% and vy~ is the relative motion between
both frames.

Fig. 8.3 also shows the perspective from the V* rest-frame, where we can define
the polar angle 6, as the angle of 7 in the 7-7 rest-frame. In there, the four-momenta

of the leptons and that of the virtual gauge boson read as

E, 1 V@

prsinf —siné 0
pr= T s =T and gt= L B69)
D7 cos 0, —cos 0 —|dl
being
¢ —m? _¢+m?

T ET

pT:pU:iQ\/qj, —72\/?.

The leptonic matrix elements from Eq. 8.64-8.66 can be computed as

(8.70)

(FODPLII0) = (T(A)PIFY* (2Px)v[0) = (s, A )y (2Px )0 (pys Ax), (871

where Px refers to the chirality projectors X = L, R, and the helicity of the
antineutrino, because of their massless nature, is fixed by the projector: \, = +1/2
for a LH antineutrino and A\, = —1/2 for a RH antineutrino. The matrix element in
Eq. 8.71 also applies to currents with different number of Lorentz indices, i.e. J and
JH . The four-spinors in the chiral representation for a particle with helicity A\ and an

antiparticle with helicity —\;, respectively, defined in Eq. 2.47 from Chapter 2 give us
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in this case:

VE: —2M pr —vVE;+2)pr x—
u<pT,AT>:< Pro-) . and o(prA) = TP X

Er +2Xpr Xo, Er =2Mrpr X-a,
(8.72)
where x(\;) are the helicity eigenspinors, given by
cos — — sin — ¢~
Xp1 = p.2 |, and x_1= % : (8.73)
sin — % cos -

and the Dirac matrices in this representation are given in Eq. 2.49 from Chapter 2. The

azimuth ¢ is the angle between the decay planes formed by 7o and D (see Fig. 8.3).

Now, all material needed for computing the leptonic helicities is on the table.
By making the contraction L{\/T_)il?/\ = e,(A\)(T(A)7]J}|0) we obtain the following

leptonic vector helicity ampitudes:

Lyt = V2m, By sinf. ™27, Ly, = V2m, B, siné,,

LJ&’_LA,_ = —V2m,f3; sin6,, L\;fA,— — —\2m, 3, sinf, e%®
LJ‘;{JA’O = 2mqf; cosfr e, L{_/fA,o = 2m, 3, cosf, e'?,

LyZae = —2mefre™, Lyl = —2m. B, e,

LyZae = V22 Br (L costr) ™, Lz, = V/2° B (1F cos0r) T2,
Ly =~ 2V B s LTy = 25, s,

LyZas =0 Liiae = 0.

while the scalar ones, Lgﬁg = (7(Ar)7|Jix|0), are given by

7L —1 77R :
L§p = =2v/@*Bre™™,  Lgip=—2V¢*B; ¢,
77L J— +7R —_
Lyp =0, Lgip=0, (8.74)
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and finally, by computing Lg‘rf_)g% w = euNe(N)(T(A)p]J)5]0), the following

tensor leptonic helicity amplitudes are obtained:

L3 40 = V202 Br 567 €7, L7750 = —V/242 Br s6r

Lits o =/2¢7 Br 50, Lyls _o = —V/2¢2B; s0- ™,
Litys o =2V PBrcbr e, Lyis oo = —2/q?Brch- e,

L;LLT&Ot = —2\/¢?Brcl, e, L;fT&Ot = —2v/¢2Brch, ¢,
LJTF’—LTs,th = —V/2¢2B; st e 17, L;fT&—I—t = —\/2¢2B; 50,

L;LLT5,—t = V/2¢?B; 50, L’Ef’fa—t = /2428, 50, ¢*? .

L;LLTs,io = +V2m, B; (1 + ch,)eT?, LJTrfTaio = TV2m, B (1 T ch,)eT?,
L;’—LT5,+— = _L”F—LT5,0t = —2mfr SGT’L;ET&JF— - L;fT&Ot = —2mf; s0r,
Lplys o= —V2me By (L cby) ¥ LR | = —V2m B (15 cf,)e¥?.

(8.75)

where cf;(s0;) refer to cosf,(sinf;). The hadronic part depends on the meson we
are dealing with. A pseudoscalar meson J P — 0~, D for instance, has a single helicity
state, corresponding to the 0 helicity state. Therefore, we will omit the label of the
meson helicity in that case, in order to distinguish it from the 0 helicity state of the

vector meson JY = 1, D* for instance, whose helicity states are Ap- = —1,0, 1.

831 B — Dtv

Let us parametrize the hadronic matrix elements exploiting their Lorentz structure.
Lorentz invariance and parity impose the axial and pseudoscalar matrix elements to
vanish, so that observables involving B — D transitions will be only sensitive to the
vector combination C’XX + C%X, scalar combination C’f x + C}%X and tensor WCs. On
the other hand, they also demand a certain structure for the hadronic matrix elements,
which can be factorized in kinematical variables and pure hadronic inputs named as

form factors, as follows:

<D‘E’Yub|B> = |(pB+pD)y—
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_ me —m
(Dleb|B) = —B—2LFy(¢%),
mpy — Me
_ = . QFT(q2)
<D|CUuub‘B> = *Z(pB,u PDv — PDp sz/) m )
_ - 2Fr(¢?)
Dle b|BY = -— anf ST 8.76
(D| O uvY5 |B) €uvaB PB Pp me +mp (8.76)

The form factors Fyy(¢?), F1(q?) and Fr(q?) appearing in the D matrix elements are
described in the last section of this chapter.
Contracting these hadronic matrix elements with the polarization vectors of the

virtual boson according to Eq. 8.60, the following hadronic helicity amplitudes are

obtained:
Ap(q?

Hyo(¢®) = Hv,0(¢°) = Hygolq®) = q(z )Fl(qz),
2 2 sz - m%) 2

Hyy(q®) = Hvy(q") = Hypi(q”) 7\/(1»2 Fo(q),
2 2 2 m2B m2D 2

Hs(q") = Hs,(¢") = Hsp(q") ~ o — e (€°), (8.77)

C
Ap(¢?
Hr(¢*) = Hrp,+ = Hrot = —Hppy o = Hrpor = —mB_’_(ml)j Pr(¢®).

Finally, following Eq. 8.60, the reduced amplitudes, decomposed in helicity states and

lepton chiralities for the B — D7D process are obtained:

1 , . . - -
M;? = —2\/@2B, e { e [.AtL + cos 6 Ag] + AL — 2 cos ), A%} ,
Ve

_1 . ~ 2mT ~
M,? = 2/¢2 B- sin6; {Ag — WA%},

'|'l . 1 2m7‘ t
My? = —2\/¢2 3, sinb- {A(I)% - \/(FA?},

_1 , . - . .
Mp? = —2V/ @ B, & { s [.Af + cos b, Aﬂ + AR — 2 cos, A%} (8.78)

Ve
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where the transversity amplitudes A are combinations of WCs and hadronic helicity

amplitudes, as listed below:

AL = (14 CY+Cly) Hyo, Ag = (Clr + Ckr) Hyyp,

AL = (1+CYy+Chy) Hyy, Al = (CLr+ Ckg) Hv,

AL = (Cop+C3y) Hs., AS = (Chn+ C2p) Hs.

Ak — 205, Hy, AR = 2Ckg Hr . (8.79)

To compute the three body decay, which is illustrated in the following diagram from

the B rest-frame perspective:

D(pp)

v

7(py)

we can reduce dQ@3 given in Eq. 8.49 to the following factorization:

dq? I 1 1 |q m? 2
405 = 24 AQs(pr. b)) = — —— 1 (1 - 42 deosd.. (8.80
Q3 o Q2(pp, ¢)dQ2(pr, pv) 16 (27)° m 2 ) 44" deos (8.80)

Applying this result to Eq. 8.48 we obtain the differential distribution of the decay
B — D71,

dI'(B — Dr7)

dg® d cos 0, *ND ?) {Jo(¢®) + J1(q*) cosbr + Jo(¢®) cos® 0, } . (8.8D

with the normalization N g)(qz), which will be also applicable to the D* decay mode,

GQFV% 1/2 m2 2
— )\ 11— — . 8.82
192 m3m3 4 Ape o (g ) < q? ) (6.82)

given by
N5 (@)

The coefficient functions of the different angular dependences are given by

~ 2m, 2 _ 2
B = |Af - }AT\ +f 7+ YA -,
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2

I = 2’;2” Re[(,ig Q\FAL>(A \FA )] (L > R),

J(?) = <1— ;) (|A 4|,th|2) + (L-R). (8.83)

The linear term in the 6, distribution given in Eq. 8.81 can be accessed via the

forward-backward asymmetry, traditionally defined as

\D L d2T 1 A

1\q
B = /12 dcos b, =— . (8.84
F dl’/dq? [/0 /_1} o8 dg?dcostr 2 .Jy(q?) + %Jg(qQ) (8.84)

Finally, integrating Eq. 8.81 over cosf,, one obtains the ¢ differential
distribution [334], where the dependence on the WCs has been explicitly shown:

dar
el

3m?
No(e){ (11+ G+ Ol + 1€+ ) [t (25 + 1) + 53 <Hv,t>2]

3
2 (H (105, + C31 2 + Ol + C3al?) + 8 (ICEL 2+ 1Chal?) ( =)

+3 Re[(l +CYL 4+ Chy) (CRL+ CEL) + (Clr + Chy) (CRr + CLR) ] \/»HSHVt

B — Dtv) =

12 Re[(l + YL+ CY) O s 4+ (CYp + CYR) C}{;} e HTHV;O} . (8.85)

Vi
83.2 B — D*ri

For the process B — D*71, exploiting Lorentz invariance and parity, the hadronic

matrix elements can be parametrized as

- . 2V(¢?)
D*[eyublB) = ~i€upo € (Aar) P phe ——— ——
(D*|ey,.b| B) @ €wpo € (Ar) PR PD mp + mp-

. B . (M) -
(D*|eyursb|B) = (mp +mp-)Ai(g?) (6 (Anr) —qu((q]‘g)q))
. 2mp+
(" (Mar) - @)= 5 Ao(@)
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* m2 —m?2,
_e) g >(<p3+pm>u—qu32ﬂ),

mp + mp= q
(DlesblB) = () @) P Aala?).
(D*|eowb|B) = €uvpo {—€"*(Aar)(pB + pD*) T1(4%)
12l SO0 () - ) gL e
+e ()‘M)QUWLQB;JnZD*(TI(QQ) - Tg(q2))} , (8.86)

where the form factors Ag(q?), A1(q?), A2(¢?), V(¢?), T1(¢?), T2(¢?) and T3(q?)
are defined in the last section of this chapter. Notice that the contribution of the
scalar current proportional to (C’f ¥+ C’g ) is absent because of parity constraints. In
this case, performing the contraction with the polarization vectors of the virtual vector

boson in the B rest-frame as Eq. 8.60 dictates, the next hadronic helicity amplitudes are

obtained:
Hy+(¢?) = Hy, .(¢°) = —Hy, +(¢%)
)‘D*(QQ) 2
= + ) Aq(q? ~ -V ,
(mp + mp-~) Ai(q )ijB+mD* (q°)
HV,O((J2) = H\()/L,o(qz) = _HXO/R,O(Q2)
mp + mpx 2 2 2 AD* (qg) 2
= ——— | —(mp —mHs — A 4+ ——27 _A ,
27774)*\/(]7 ( B D Q) 1(Q) (mB+mD*)2 2((])
2\ 0 2\ _ 0 2y )‘D*( ) 2
Hyi(¢®) = Hy,4(q") = —Hy, ,(¢°) = Ao(q7),
He(@?) = HY () = —HY, (¢?) ~ — Y20l )Ao(q )
R L mb+mc )
HT,O(QQ) = H%LOt(QQ) = H%LJF—(QQ) = _H%ROt(QQ) = H:(}R+—(q2)
= L smde - ) D@ + ng(QQ)
2mp+ m2B — m%* ’
Hyi(q®) = Hy,u0(q°) = £Hy, (6*) = FHE (¢*) = —Hf, _o(¢*)

1

— m[i(m% mh-) Ta(¢*) + VAp- Ti(¢?)] (8.87)
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Those, contracted with the leptonic part of the amplitude according to Eq. 8.60, give

rise to the following reduced amplitudes involving LH neutrinos:

+1,+3

M; = —\/q? B, sinf,e % {\/q» (A —l—Aﬁ) —Q(AIL“II"'A%L)}a

B | 2,
./\/lJLrl’ 3 o_ V@2 B (1 +cosb,)e {Aﬁ—i—flﬁ d (-AT|| +~ATJ_)}

\/»
MO +2 = — 2m7- B’T e—i¢ {AtLP ~+ cos 97’ [Ag 277\{(]» A%Ol } ’

_1 2 T
./\/l([)/7 * = 2\/?/£T sin 0, [Ag_ ~ ATO]’

NG

(Aff — AT) —2(AF, _ATL"J_>}7

141 . mr
M7 % = q? By sinbr {
v Vi

2= @B (1—cosf) e A — AF — o T (gL AL )\ (3.88)
[ /P T
whereas those involving RH neutrinos are given by

+1,43

My " = =/, (1 —cosby)e ™ {A’,“’*+Af—2%—2(v4¥”+«4¥0}7

1
M _ s sime, {m
" /e

0 ) 2m,
M, 1 —2v/¢2 B, sind. [A(’f— \/q—AT()]a

_1 ; ?
0 ~2m; B e'? {A{% + cos 0, [Aé% 2;{(7 A¥0] } ’

= V¢ B (1+cost;) e {Aﬁ - AL - 22% (A7 —A?D}?

(A + AT — 2 (AF + A&)} )

<
=R
"

M;’fé = \Fﬁ sinf, e Z¢{ (A Af) - 2(“4%\\ - A%J.)}- (8.89)

NG
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In the above expressions, the Af’R denote the transversity amplitudes, which are
the projections of the total decay amplitude into the explicit polarization basis. The
contribution from the RH neutrino transitions to the angular coefficients is equivalent to
that from the LH neutrino ones, i.e. (L — R), up to a sign that depends on the relation
between RH and LH leptonic transversity amplitudes. In the SM, the decay B — D*71v
can be described by a total of four transversity amplitudes that correspond to one
longitudinal (Ap) and two transverse (A L) directions, and a time-like component (A;)
for the virtual vector boson decaying into the 77 pair. However, with the inclusion of RH

neutrinos, we must distinguish the left and right chiralities of the leptonic current; thus,
L,R

0,L,||,t
in Eq. 8.3, the (axial)vector contributions can be incorporated in the above mentioned

we get in total eight amplitudes: A Now, in presence of the NP operators given

eight transversity amplitudes, modified by the presence of the new WCs. Nevertheless,
the (pseudo)scalar and tensor operators induce eight further amplitudes (four for each
neutrino chirality): two (pseudo)scalar amplitudes AIL_-,’R and six tensor transversities

Ag’gf LT Thus, with the most general dimension-6 Hamiltonian in Eq. 8.2, the

decay B — D*(— D m)7v can be described by a total of sixteen tranversity amplitudes,

which are defined as:

Al = Hyy (14 CY, - CEp),
Al = (Hyg+ Hy) (1+CYy — Ch)/V2,
AL = (Hyy — Hy_) (1+CY,+C5) V2,
Af = Hyy (1+Cy —Chy),
Ap = Hg (Cp—CEp),

ALy = 2Hro CEL,

A%” = V2(Hr, —Hr_) C},,

AR = V2Hp + Hr ) CLF,
Af = Hvo(Clgr—Ckp),

Af = (HV,-i- + HV,—) (CXR - C‘R{R)/\/i’
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A = (Hys4 — Hy-) (Clp+Chrr)/V2,
A = Hyy(Clp— Chpr),

Af = Hs(Chgr—Cip),
Aty = —2HroChp,

A = —V2(Hry — Hr-) Chg, (8.90)

which are combinations of the WCs and the hadronic helicities. Here, the abbreviated

L . .
form A, I’DR has been introduced to allow for more compact expressions.

2
AR = (AP" ﬁAé’R) . (8.91)

mr

To compute the full four-body decay amplitude B — D*rv — (D7) 7/, we need
to describe the propagation and the decay of the vector boson D* to the D final state.
The D* — D amplitude can be parametrized in the form

Ap*
MBpr = 9p+pr Eu(AD*) Pp (8.92)
with an effective coupling g,. . that can be determined from the total decay width,

A2 (mp., mp, m3)
1927m3,.

I'(D* — Dr) = C 9p-prl?s (8.93)

0 respectively. The dependence of the effective

where C = 1, % for a final 7%, 7
amplitude 8.92 on the momentum and polarization vectors fixes the angular structure
of the three possible helicity amplitudes:

— 1 — .
Mbpr = ~9p-py [Bp| cosfp and Mpi . = + 75 90Dr [Pp| sinbp,

with |p| = A2(m?,., m?%, m2)/(2mp-~) being the three-momentum of the D meson

in the D* rest-frame.
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The propagation of the D* can be described through a Breit-Wigner function. Since
the decay width of the D* is much smaller than its mass, we can use the narrow-width

approximation,

]. FD* <<mD>k T 2 2
o(mp,. —mp«), (8.94
(7 — B 2+ iy T mp-Tpe (0r ) 694

and write the decay probability of the process B — (D) 7 in the form

1 T
B — (Dr) T(A) vx]]? == G% |Viy?
IMIB = (Dm) 70 x| =5 G Vil -
2 (8.95)
AD* A Ap*
xé(m%ﬂ—m%*) E MP M ol

)‘D*

where M?f’ 7 are the reduced amplitudes defined in Egs. 8.88 and 8.89. Notice that

the dependence on g;,. ;. cancels out from this expression.

The four-body angular distribution can be computed in a similar way as in the
B — Drv case, but now taking into account that B decays into four fields. As before,

the four-body phase-space can be reduced to a product of two body phase spaces,

dg® dm?2, . o
dQs = 5 —— dQ2(ppr, q)dQ2(Pp; PDr)dQ2(Dr, Pv), (8.96)
where pp, = —@, pp and p; are defined in the B, D7 and 77 rest-frames, respectively,
and are given by
[ppr| = o i ) [pp|= VA ) =L o)
PDr|= 2mB ) PD|= 2mD7r ) Dr|= 2\/q>2 . .

Here, the angle 6p is defined, taking as positive z-axis the direction of the D*
momentum in the B rest-frame, as the polar angle of the final D meson in the D
rest-frame. See Fig. 8.3 for a visual representation of this angle.

The differential decay distribution of the transition process B(pp) —
D*(pp~) 7(pr) v(ps), with D*(pp~) — D(pp)m(pz) on the mass shell, can be
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expressed in the form [335]:

d*T(B — D*7)

dq? dcos 0, dcosbp do

@/\/’D( ¢*) B(D* — D)

X {If sin?@p + I cos® Op
+ (IQ9 sin? 0p + 15 cos? HD) cos 20,
+ (I3 cos 2¢ + Iy sin 2¢) sin? Op sin? 0,
+ (I4 cos ¢ + Ig sin @) sin 20 sin 26,
+ (I5 cos ¢ + I7 sin ¢) sin 20 sin 0
+ (IG sin?0p + I cos? HD) coS 97} . (8.98)

The interferences among the unobservable helicity amplitudes of the intermediate D*

meson generate the different dependences on 6 appearing in the above expression. As

Eq. 8.98 shows, the vector meson D* in the final state provides additional observables

compared to the previous case. The angular coefficients I;’s are functions of ¢? that

encode both short- and long-distance physics contributions. They can be written in

terms of the hadronic form factors as,

Iy

2
2(1+m—;

\/(]72

) (1AE 2 + 4 1A%, ) -

(3+ )(|A 2+ |AFP) +

ARAE Y+ (1 R),

16m.,

NG

( 3Z;T>(|«4:LFL’2+ \A%H\Q)

—2(1- 7) (14512 — 4140 + L - 1)),

\V)

’%)( EP 4 AT

xf(1—q2) Re{AF AL

— 4 (JAE L2+ AR ) + (L - )
— 4 (JAF [P~ AR ) + L~ B))

— 4 AR AL+ (L= R)},

Re{Af A }+ \A >+ (L-R),
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My m,

= Afo) (AL —2 == AF)) — (L~ R)}

Ve Ve

m? x q?
— 7 Re{Afp (Af —2 \g,@”) + (L - R)}} ,

Iy = 2v2 [Re{(Ag —2

c 8m72' * \/q2
Is = e Re{AtLP(AoL—2m Afo) + (L—=R)},

m * m *
— T ALY (AFT — 22— AL ) — (L > R)},
\/(]7 T||)( 1 \/(]72 TJ_) ( )}

I = —2\/§[Im{(.AOL —2 L ako) (AP -2 T AR ) - (Lo R))

Ve Ve

2 2
# (aly (A2 Y ) ).

I§ = 4 Re{(Af —2

m

2
Iy =v2(1- %) m{Al" AL —4AEG AL |+ (LR},
m% L AL* L 4L*

The angular analysis of a four-body final state, namely B — D*(— D 7)7v, further
allows us to construct a multitude of observables that can be extracted from data
[335-342].

Measuring this four-dimensional distribution is obviously a major experimental
challenge, since the subsequent 7 decay involves one (r — v, + hadrons) or two
(r — v, £Up) additional neutrinos, making difficult to reconstruct the 7 direction.
However, one can study different angular observables by properly integrating one
variable or a set of them.

Performing the angular integrations in Eq. 8.98, one easily obtains the differential

distribution with respect to ¢, given by

dr 1
iz =T = TN+ B(D" — D) (3If + 61} — If — 2I5) | (8.100)
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which written explicitly in terms of the different WCs takes the following form:

(B — D*r7)
dq?

x{(|1+cLVL|2+ 1l + [CYal + CHal?) ( i 2) (HE, + H)

v v 2 v v |2 m 3m? o
+<}1+CLL*CRL‘ +’CLR*CRR’> +2ﬁ HV0+ 5 2 — Hyy

= Np-(¢*)B(D* — Dr)

2

—4Re[(1+CLL)C +CLRC ]( +22

>Hv+HV_
3
+5 (I6f, = CiLl + (O — CFnl”) H3
2
+8 (IChf + 1Chal’) (14 257 ) oty + 13 +H%,o>

+3Re{(1+CJ — CYRr) (CRL — Cii) + (Cir — Crr) (C3 HgHy,

)}f

—12 Re [(1+CYL) CLf + Chr ChR] T (HyoHyo+ Hy Hy, — Hy_Hy,_)

Nz

+ 12 Re [CRL C + CLRC ] s (HT7()HV70 + HT7+HV7_ — HT7_HV7+)} . (8.101)

/q2
Differential distributions with respect to a single angle, which can be obtained by
integrating two angles at a time, are also of special interest. These are
T ; Np« B(D* — D)
% 2 A T
dq?dcos 6y g P
[(I{ + 21 — IS — 21I5) + (I§ + 2I) cos 0y + (215 + 4I5) cos® 6] (8.102)

d’T

dg? dcos fp
= %r  [FF sin0p + 2 Ff" cos® 0p) (8.103)
T = iND* B(D* — Dr)| (3If + 61§ — I5 — 2I5) + 413 cos 2¢ + 419 sin 2¢)|
dq? do 87
_ 1 [y [14 Agcos2¢ + Agsin2¢)] . (8.104)

2
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In the following we define several observables constructed from the coefficients of
various angular dependences. The distribution with respect to cosfp in Eq. 8.103
provides the longitudinal and transverse polarization fractions for the D* meson,
defined as [335,338]

D* ?)If -

_ 2317 — 13)
bosIg eI — I — 213

3I¢+ 615 — IS — 215

and FP = (8.105)

which satisfy that FP" + FP" = 1. The angular coefficients I3 and Iy can simply be
extracted by measuring the terms proportional to cos 2¢ and sin 2¢ in Eq. (8.104),

Ly
T,

Iy

A: = —
3 I—\fv

(8.106)

respectively, where IV = Np-B(D* — Dm)I;. Furthermore, we define several

asymmetries starting with the well-known forward-backward asymmetry, defined as

— / / d cos @ ’T (8.107)
Ay = C dq2dcos b, '

The coefficients I, and I5 in Eq. (8.98) can be extracted with the two angular

asymmetries:

7” d‘T
0 d 0
/ / / / dCOS b / / cose dq?d cos 0yd cos Opdo’
1[/ / do / / dcos@ /dcos@ d'T (8.108)
Tyl = b gdqzdcos O¢d cosOpde

2

NIE] M‘:‘

:|

One can further define the following two observables,

1 T 27T 1 r0 1 d4r
A = — — d — dcosfp| dcosf
T L'y [/0 /,r } ¢ [/0 /1} o8 D/1 cos e dq?d cos 0yd cos Opdg’

(8.109)

T p2m 1 0 1 /0 4
AS:Flf {/0/7T }dgf) [/O[I}dcosep [/0/_1]dC089g dq2dCOSZg;COSGDd¢’
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which are non-vanishing only if NP induces a complex contribution to the amplitude.
This holds true for the coefficient Ag as well. These asymmetries are simply related to

the angular coefficients IV as follows:

3N IN + 218N

3
Ay = — = A = — = = —
4 5 4rf’“4FB 8 Iy

Finally, the total branching ratio can be decomposed in terms of the 7 polarization,
giving rise to another observable: the lepton polarization asymmetry, defined as
)y dDx —1y9/dq® —dUy —_y1)5/dq”

D
= 8.110
P T, , ( )

whose definition is also aplicable in the context of the decay B — D7o.
Notice that the above quantities are functions of ¢?>. We define the ¢?-integrated

observables, labeled with a bar, as follows,

2

min

_ 1 qg]ax
0= - / dg® O[¢*] Tt [¢%), (8.111)
q

where T is the total decay width.

8.4 Hadronic Form Factors

This final section is devoted to the form factors (FF) parametrizing the hadronic
part of the B — D® transitions. The determination of these FF requires
non perturbative methods. Lattice QCD (LCQD) calculations provide information at
zero-recoil (maximal q2), and even lately non-zero recoil calculations of the FF have
been released for B — D. At low ¢?, information on the FF can be extracted
through QCD light-cone sum rules (LCSR). To extrapolate the FF from zero-recoil along
the whole ¢ range, a certain parametrization must be used. There are two main
approaches followed in the literature: The Boyd-Grinstein-Lebed (BGL) [343-345] is
a model independent parametrisation that uses QCD dispersion relations, analyticity,

unitarity and crossing-symmetry to parametrize the FF. On the other hand, the
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Caprini-Lellouch-Neubert (CLN) parametrization [346] exploits Heavy Quark Effective
Field Theory (HQEFT) [347,348] to parametrize the FE. Recently, the community has
been intensively debating about the most adequate way to parametrise the relevant
hadronic FF due to the relevance of hadronic uncertainties in the determination of
|Vep| [349-356], and it has been suggested that the accuracy of the usually adopted
CLN parametrisation [346] has been probably overestimated at the current experimental
precision. However, for studying the anomalies in b — ¢ transitions, such precision is of
less relevance since we are mostly dealing with ratios, reducing the overall FF sensitivity.
For our study, we parametrize the FF following a Heavy Quark Expansion beyond the
original CLN parametrization as it will be described in the following. In the heavy
quark limit all FF either vanish or reduce to a common functional form, the Isgur-Wise
function & (q2) [357]. Thus, it is convenient to factor out £ (q2) by defining [353]

h(q®) = h(g®)/&(d%) . (8.112)

The leading Isgur-Wise function can be more conveniently expressed in terms of the

kinematical parameters

2 2 2
myp + Mo — /ool 02 — /9
w(g?) BT Mpw ~ 4 2 _ V@) +1-v2 (8.113)

= and 2(q%)

2mpmpe CVw(@ 12

The variable w(q?) is the inner product of the B and D) velocities, so that w = 1

corresponds to the zero-recoil point, ¢2,, = (mp — mp))% where £(¢2,) = 1.
Although ¢? in semileptonic B decays ranges from m2 to (mp — mp) )?, the FF can
be continued analytically in the ¢? complex plane [350]. However, they have a cut
at ¢> = (mp + mp )2 The conformal mapping 2(¢?) encodes in a very efficient
way the analyticity properties of the FF, transforming the cut in the ¢? plane into the
boundary of the circle |z| < 1 [358], so that a perturbative expansion in powers of z(g?)
has an optimized convergence. See Fig. 8.4 for an illustration. In this case, the origin
of the circle generated by the conformal transformation in Eq. 8.113 is chosen at the
point of maximum recoil w = 1. In the original CLN parametrization, the Isgur-Wise
function is expanded up to 22 and its slope and curvature parameters are constrained

by spin-symmetry relations, whereas in here, we let them to be independent parameters.
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Figure 8.4 Conformal
mr w=1 w<—1 mapping of the ¢ complex
plane to a unit disk. The cut
in the ¢? plane is mapped

Im|z] to the boundary of the disk
z[q2] |z| = 1. The origin z = 0
corresponds to the point of
maximum q2, ie.w=1.

Besides, as recently Refs. [359,360] have pointed out the phenomenological necessity to
include orders higher than 22 in this expansion, we will consider the £(¢?) up to O(2%)

corrections,

%) = 1-p*w(@®) =1 +clw(@® - 112 +dw(@®) - 1P +O(w -1 6119
= 1-8p%2(¢%) + (64c — 16p%) 2%(¢?) + (256¢ — 24p> + 512d) 23(¢%) + O(z%),

described through the parameters p?, ¢ and d, which are assumed to be independent.
The functions h(g?) introduce corrections of order Aqcp/my, . parametrized by

the subleading Isgur-Wise functions x2,3(w), n(w). Furthermore, we include Agcp/m?

corrections to those functions /(g2) that are protected, because of Luke’s theorem, from

1/mcy, corrections, i.e. those that do not vanish at zero recoil:

hi(l) = 140(1/m2,)  i=+V, A1, 43,5, P, T and Ty
hz(l) = O(l/mc,l/mb) i:—,AQ,TQ andTg.

The 1/m?2 corrections are introduced by the subleading /1 (w) functions, via the
parameters {l1(1),l2(1)}, respectively. These functions also include the corrections

of order .
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The FF appearing in the D matrix elements, following HQEFT, can be parametrized

as
1
) = —— hi(q?) — — h_(q*
1 mB+mD2—q2 77’LB—mD2—q2
Fol®) = ( L= () - | L o0 ),
2\/mpmp mp +mp mp —mp
mp -+ mp 9
Fr(¢®) = ——=h 8.115
r(q”) SN 7(q7), (8.115)
while the D* helicity amplitudes, for the B — D* amplitude, involve the functions
mp + mpx 9
V(g®) = ———=_}
(a°) NGTTD v(g),
+ mD*)2 - q2
A (?) = (ms hoa (a2
+ mp= mp=*
Ao (q?) = B hoa (a2 hoa (a2
2(q ) 2\/7,’% A3(q )+ mB AQ(q ) 9
1 (mB+mD*)2—q2 9 m2 fm2*+q2
0(q°) NGTTn [ 2 4,(¢%) s 4,(¢%)
2 2 2
mp —Mp« — ¢ 2
— h
=L ().
Ti(¢*) = S — [((mB + mp+) hry (¢*) = (mp — mp-) hr,(q%)]
2,/mBmD* ! 2 ’
1 (mp +mp-)* — ¢* oy (mp—mp-)*—¢° 9
To(¢?) = h — h
1
Told?) = —— — Dh 2
53(q%) NTTD [(mp —mp~) hr, (¢°)
m% —m2,.
—(mp +mp+) hr,(¢°) — 2 BTBD hr, (qQ)] : (8.116)

We refer the reader to Ref. [353,359] for the explicit expressions of the h as a function
of the parameters described above. Notice that the main difference to the latter article
is the introduction of the z3 term in the leading Isgur-Wise function, that renders the
fit compatible with the extrapolation of the recent LQCD data [349,361] to large recoil.



9.- Global fit to b — c transitions

Chapter based on the work done in 1904.09311 and 2004.06726.

Signals of lepton flavour universality violation have been appearing since the last
decade in the flavour sector, attractively suggesting NP. They have been observed in the
B-meson semileptonic decays to particles involving the second generation of quarks,
what enters in the scope of the B-factories: BaBar, Belle and the LHCb experiment.
The certainty that the SM cannot be the ultimate theory, the lack of NP signals in the
recent years, together with the possibility to explore such phenomena at the current
experiments make understandable the great attention that these discrepancies have
caught from a thirsty scientific community. Particularly interesting are the anomalies
related to b — c transitions; in there, the effect of NP competes with the SM contribution
coming from a charged W boson exchange, which tells us that the NP is rather light or

strongly coupled to the SM. In this context, it is convenient to study the ratios

B(B — D(*)Tﬂ)
B(B — D®{p)’

RD(*) = (9-1)
where ¢ = e, refers to the light lepton modes. Those are particularly clean
observables since the leading hadronic uncertainties, as well as the controversial
|Vep| component of the CKM matrix are factorized out. Fig. 9.1 shows the different
experimental measurements of these ratios that have been published since 2012 by

several experimental collaborations. These results lead to the following world average,

RP¢ = 0.340 £ 0.027 £+ 0.013, and De = 0.2954+0.011 +£0.008, (9.2)
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performed by the Heavy Flavour Averaging Group (HFLAV) [362], with —0.38 correlation,
also shown in Fig. 9.1 in a red elipse. The HFLAV averaged results deviate at the 3.10
level from the arithmetic average of the SM predictions [350, 352,353, 356] quoted by
HFLAV: RM = 0.299 + 0.003 (1.40) and R = 0.258 + 0.005 (2.50) [362]. Using
the more updated FF [359], introduced in Sec. 8.4 from the previous chapter and further

discussed in this chapter, we get
RIM =0.302+£0.004, and R =0.258 70908, 9.3)

which slightly increases the tension to 3.20. The climax of these discrepancies
was reached a few years ago, after both Belle [363, 364] and the LHCb [365]
collaborations updated their analysis and the discrepancies added up to 4.0c from
the SM predictions [366]. This tension, however, was relaxed with the subsequent
measurements, being the cherry on top the most recent measurement by Belle [367],
released in Moriond 2019, which reported a value closer to the SM prediction (only 2.1c
from it), that softened the claim of physics beyond the SM.

Anomalies have also been observed in other observables involving b — ¢ transitions.
The recent measurement of the longitudinal polarization of the D*~ meson in B —
D*~ 77 reported by Belle,

FP™ =0.60 & 0.08 £ 0.04, 9.4)
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differs from its SM prediction by 1.60 [368]. Besides, the recent LHCb measurement [369]
of the B, — J/V ratio,

n._ B(Be— Jjvr)
I = B(Be — T/ uy)

= 0.71+£0.17£0.18, (9.5)

also deviates from the SM predictions Rﬁ% ~ 0.25-0.28 [370-381] in the same direction
as its predecessors. There is also the measurement of the 7-polarisation of the B — D*
semileptonic decay from Belle [382],

pD* 0.21
PL = —0.38 £ 0.5177 %, 9.6)

T

which is still compatible with the SM prediction but could also allow for modifications
within its large uncertainties.

In summary, there is experimental evidence of deviations from the SM predictions
in some observables involving b — ¢ transitions, which curiously seem to point to a
common direction. This tension, if further confirmed and stretched, could be crucial to
gain a better insight into the laws describing nature, and thus it needs to be understood.

In this chapter, we present a general study to b — c¢ transitions from an EFT
bottom-up perspective by performing a global fit to the most general dimension-6

1 We take as our

Hamiltonian and all available experimental data on such processes.
starting point the most general effective Hamiltonian describing b — ¢ semileptonic
transitions, i.e. Eq. 8.2 from Chapter 8, up to four well-motivated assumptions that we

name in the following:

* NP only enters in the third generation of leptons.

This assumption is motivated by the absence of experimental evidence of
deviations from the SM in tree-level transitions involving light leptons. We refer to
the phenomenological analysis of b — c(e, )7/ ;) transitions made in Ref. [359]

which constrains potential effects to be negligible in the present context.

'A caveat must be done here regarding the experimental measurements taken as inputs of the fit. The
ratios R ,(«) have been updated along the writing of the two references on which this chapter is based.
The experimental values used in each fit will be specified, being all of them in the last fit that we have
presented the most updated values at the time of writting this thesis.
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e The C}%L WC is lepton-flavour universal.

This statement can be derived [383-385] by assuming the Standard Model Effective
Field Theory (SMEFT) [386,387], which is the appropriate effective theory in the
presence of a sizeable energy gap above the EW scale under the condition of
a linear EW symmetry breaking. The fact that no new states beyond the SM
have been found so far up to an energy scale of approximately 1 TeV, and that
measurements of the Higgs couplings are all consistent with the SM expectations
support this scenario. In this context, taking into account our first assumption,
we take C%L = 0, which will therefore reduce the d.o.f. of our fit. As we will
see later in this chapter, when the assumption of linear breaking is relaxed, a

non-universal C%; coefficient can be generated [385].

e Only LH neutrinos are considered.

In the EFT framework used to parametrize the semileptonic decays based on
b — c transitions, we do not consider the possibility of having light RH neutrinos.
We stick to the matter content of the SM.

e All WCs are CP-conserving and, therefore, real.

The later has been assumed for convenience since, as will be commented later, the
quality of the fit results was not significantly improved by relaxing this assumption
whereas, by halving the number of WCs to fit, numerous degenerated minima
were avoided. We refer the reader to the following references, Ref. [388-392],

where possible CP-violating contributions have been studied.

Along this chapter our study gains generality as we relax some of the above assumptions.
In this way, we get a better understanding of their particular effect on the results of
the global fit. The first part of the chapter is devoted to the study of b — ¢ transitions
under the four assumptions just mentioned, while in the second and third part, the
second and third assumptions are relaxed, respectively. Conclusions are drawn at the

end.
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9.1 Global fit to b — c transitions: SMEFT

Let us remind the starting point of the upcoming study: the most general
dimension-6 Hamiltonian built from the SM matter content respecting Lorentz
invariance, the gauge symmetry at the bottom quark scale, ie. SU(3). ® U(1)q,

and the four assumptions listed before,

cTU 4G
HO e = 75 wl (1+CYL) Of L +CPrO%, +C 07 L +CLL 0T ] +he., (97)

where the operators are defined according to their chirality, indicated by the chiral

projector Px_p, g acting on the quark current, 2
OLL = (V" PLb) (Fyuvr), O%p = (€Pxb) (tvi), Ofy, = (€0™ Prd) (Touvr)

and the WCs in the above Hamiltonian are parametrizing any NP signal, in such a way

that we can recover the SM by setting all of them to zero.

9.1.1 Fit independent analysis

The first step towards the understanding of these phenomena is to study in a
totally fit-independent way the dependence of the currently accessible observables, i.e.
Rpe), PP" and FP”, on the individual WCs. Such dependence is shown in Fig. 9.2.
We abstain from including the J/v) observable in our study because the hadronic
uncertainties are not at the same level as for the observables related to B — D)
transitions and the experimental error is large. As Fig. 9.2 shows, a positive vector WC
CY; would help shifting the predictions of the ratios R (., closer to their experimental
values. Since the CY; enters in the EFT in the same way as the contribution from
the W gauge boson, we will refer to a non-zero C}; as a global modification of the
SM. Fig. 9.3, which reflects the correlation between the ratio observables R and R p+,
corroborates that an enhancement of the SM contribution would be enough to achieve
the consistency between theory and experiment in the context of these observables.

In spite of this, special attention must be drawn to the recently measured longitudinal

2We note that, since there are not RH neutrinos in the theory, the lepton currents have a fixed chirality.
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Figure 9.2: Individual contributions of the WCs involving LH neutrinos. The solid
(dashed) lines show the parameter space allowed by the constraint B(B. — 7v) <
10% (30%), whereas the fainted lines show the predictions without taking into account
this constraint. Figure extracted from Ref. [393].
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Figure 9.3 Correlation
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Ref [393].

-0.10

polarization F'P” since neither a shift of C}/;, nor any other individual contribution of
WCs, would help to improve the theoretical prediction with respect to its experimental
value. The reader may notice that scalar WCs C}%L and C?; could be good candidates
when positive and negative contributions, respectively, are achieved. Unfortunately,

these possibilities are forbidden by the indirect constraint on the branching ratio of the
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leptonic decay:

2 r2 2 V. 2 2
mp.m GF 2
B(BC ) T 177') Bc BC Tch | Cb| (1 - mT )

8 m2BC
9 2
x |1+Cf; — _— — .
+CrL Ry + ) R LL)|

which was computed in Chapter 8 (see Eq. 8.52). Although there is no explicit
measurement of this quantity, and it is not expected to be measured in the foreseeable
future, this decay has been indirectly constrained by the total lifetime of the B,
meson [388, 394, 395], giving an upper bound of 30 — 40%. A more stringent 10%
bound can be obtained from LEP data at the Z peak as recently pointed out by the
authors of Ref. [396], which might become even stronger if the full L3 data is included
in the analysis [397]. The later bound has been used lately in the literature, sometimes
even pushed down to 5%. However, there are some caveats that must be taken into
account: (a) It assumes the probability of a b quark hadronising into a B, meson to be
the same at LEP (eTe™), the Tevatron (pp) and LHCb (pp), which exhibit very different
transverse momenta. This is known to be a bad approximation in the case of b-baryons,
see Ref. [398]. (b) It makes use of the SM theoretical prediction for B(B. — J/VU Tv).
See Ref. [39]] for a more detailed discussion.

It is remarkable that the above constraint restricts two particular combinations of
WCs, the so-called axial C4 = C%; — (1 + CY}) and pseudoscalar Cp = C5; — C5
combinations. Note that under the assumption of C’KL = (, the axial and vector
coefficients match. Conveniently, the pattern of dependences in Eq. 9.8 is also found in
the observables involving the D* meson. The later are also sensitive to the tensor WC,
which is however absent in the leptonic B, decay. The common set of WCs describing
B. — 70 and the D* observables allows us to extend our fit-independent study by
looking at the simultaneous effect of several WCs. In this way, we can get a more
realistic overview since the later approach, although providing a fair intuition of their
main effect on the observables, is hiding possible interferences and correlations among
the different WCs.
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Figure 9.4: Allowed regions at 1o from F LD " (blue), R p~ (green), 737_D : (gray grid) and
the ¢ distribution of I'(B — D*7i;) (red), together with the region satisfying the
bound B(B. — 7;) < 10% (orange). Figure extracted from Ref. [393].

Fig. 9.4 shows the region for the WCs entering in B — D™ observables we consider,
ie. Rp+,PP" and F'P", allowed by their experimental values within the 1o level. The
permited phase-space is represented in the CY; — Cp plane for different values of C7;.
As the figure shows, there is no overlapping region at 1o, as the study of individual
WCs was already suggesting. In fact, the 1o range for F'2” cannot be reached by any
combination of NP parameters in this setup, when only imposing B(B. — 7v) < 10%
or even 30%, and at the same time requiring a positive shift in R p=. Agreement can
presently be achieved, however, at the 20 level. A confirmation of the present central
value with higher precision could indicate inconsistency between experimental data and
the theoretical assumptions made in our approach, since no kind of NP can apparently

resolve the tension at 1o.

9.1.2 Global Fit

Let us now contrast the previous ideas with the information obtained from a global
fit. In this subsection, we will first provide some details about the fit structure, then
the results of the global fit will be presented, together with the predictions for some

observables in their context. The results obtained will be interpreted at the end.
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9.1.2.1 Fit structure

In order to seek for the most favourable scenarios given the available experimental
data, one can minimize the so-called Chi square function, which is built from the

differences between the theoretical predictions (fy,) and their experimental values (fexp):

Xyi) = FX(y)) VI Fys), F(yi) = fn(yi) — fexp » Vij = pijoioj, (9.9)

where the matrix V' contains the information about the uncertainties (o; for the
observable ), and the correlation (p;;) between the quantities (; and j), and the
y; are the free inputs we are fitting, that in our case correspond to the four WCs
{CY;,C5.,C2,, CT Y, and the ten FF parameters {p?, ¢, d, x2(1), x54(1), x5(1),
n(1), n'(1), 11(1), l2(1)}, described in Section 8.4 from Chaper 8. The uncertainty of a
parameter y; is determined as the shift Ay; in that parameter where the minimization
of X2’yi:y;l\in +Ay, varying all remaining parameters in the vicinity of the minimum,
leads to an increase of Ay? = 1.

Our x? splits in four parts which are uncorrelated between each other. Those are:

2 _ 2 2 2 2
X°= XRy) T Xarjag2 + Xpp + X, - (9.10)
2 N
Xexp

They can be classified in two main groups: ngp and x2 .. The later contains the
information on the hadronic FF. As explained in the last section of Chapter 8, the
FF can be described by ten parameters (listed above) following a HQEFT approach
beyond the CLN parametrization [346], including corrections of order «, Aqcp/mu,c
and partly A%CD /m?2, mostly following Refs. [353,359]. Those ten parameters are fitted
to the inputs from LQCD [349, 361, 399,400], LCSR [401] and QCD sum rules [402-404]
(see Ref. [359] for details). Their fitted values are given in Table 9.1, while the
corresponding correlation matrix is listed in Table 11 from Ref. [393]. In this sense, such
fit renders the FF independent of the NP scenario considered, since it does not rely
on experimental data. Thus, in our Xz, the FF will be treated as pseudo-observables
with the model-independent fitted values listed in Table 9.1 as “experimental" inputs.

In this way, we are taking into account the propagation of the error associated to these
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p* c d x2(1) X5(1)
1.32 + 0.06 1.204+0.12 | —0.84+0.17 | —0.058 + 0.020 | 0.001 % 0.020
x5(1) n(1) 7' (1) L(1) Ir(1)
0.036 +0.020 | 0.355 «+ 0.040 | —0.03 4+ 0.11 0.14 + 0.23 2.00 = 0.30

Table 9.1: Inputs used to determine the FF in the HQET parametrization as in [353]. The
first three parameters determine the leading Isgur-Wise function, while the last seven
enter in the 1/m,; and 1/m? corrections. Table adapted from Ref. [393].

quantities.

On the other hand, the ngp splits in three parts, corresponding to the three class

of observables we use in our analysis:

e The ratios R (x)

As mentioned at the beginning of this chapter, BaBar, Belle and LHCb have
published different experimental measurements for R,.). We use in the fit
the results averaged by the HFLAV collaboration [398]. Because the analysis we
present in this part of the chapter was performed along 2019, at first we used in

the global fit the averaged results:
RTE =0.407£0.039 £0.024, and RPE = 0.306+0.013 £ 0.007,

with a correlation of —20%, what did not include the most recent measurement
from Belle [405]. When we were about to publish our analysis, a preliminar result
was released in Moriond 2019 [406], which slightly shifted the average towards the
SM predictions. When being aware of this information, we repeated the global fit
including the new average, so that the effect of the latest measurement is tangible

by contrasting the results from both fits.

As mentioned above, these ratios are advantageous both theoretically and
experimentally, as they allow for the cancellation of uncertainties, specifically

the CKM factors and leading FF uncertainties on the theoretical side.
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o Differential distributions of the decay rates I'(B — D 1)

Belle and BaBar have also released data on the measured ¢ distributions for
B — D71 [363,407], which provide complementary information on b —
¢ transitions that has not been exploited in the literature, with the exception
of Refs. [388,408-410]. The reported binned values are listed in Table 9 from
Ref. [393].

Since the global normalizations of these distributions are already implicitly
included in R (), they are not independent d.of. in the fit. This can be taken
into account either by introducing a free normalization factor for the distributions
as in Ref. [388] or by normalizing the differential binned distributions in the
following way:

~ 7).
T'(B — D®ro)yn = LB = DWro)n 9.1)

> T(B — DY)y,
all bins

which keeps the information about the shape of the distribution, independently
of the global normalization. The treatment of systematic uncertainties and
correlations follows Ref. [388]. The expressions for the semileptonic B — D) iy

differental distributions are given in Egs. 8.85 and 8.100 from Chapter 8.

* The longitudinal polarization fraction Ff*

A measurement of the D* longitudinal polarization fraction, defined in Eq. 8.105
from Chapter 8, has been recently announced by the Belle collaboration [368].
Being normalized to the total rate, this observable also enjoys the advantages of
the other ratios. To study the implications of this measurement, we perform one

fit including FP" and one without it.

Besides the semi-leptonic processes included in the fit, as commented earlier, the
pure leptonic decay B, — 77 is crucial in determining the direction of potential NP
effects. In our fits, we will compare the results obtained when imposing the upper
bounds 10% and 30% on the later branching ratio. These bounds are implemented
in the x? as a Heavyside Theta function, whose contribution is zero for parameter

combinations where these limits are obeyed and infinity for those where they are not.
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9.1.2.2 Fit results

Let us start discussing the SM scenario, which corresponds to all the WCs set to
zero. In this context,

xéy/dof. = 65.5/57, 9.12)

where the denominator indicates the number of d.o.f. considered in the fit. It
corresponds to a naive confidence level (CL) of ~ 20%. We note that the limit
from the B, lifetime is irrelevant in the SM fit. The apparent good quality of the fit,
ie. x3y/dof. < 1, might be surprising in comparison with the discrepancy claimed
in the Rpp(») measurements. In fact, the normalized value of the x? is misleading as
an indicator of the quality of the fit. The reason is that the systematic uncertainties
added to the dI'/ dq2 distributions are chosen to be maximally conservative, so that
the corresponding x? contribution is reduced. For instance, the contribution from
the q2-distributions is X%M,dr ~ 43 for, again naively, 54 d.o.f, which illustrates
such phenomenon. Considering instead the contribution from R, indeed we
do reproduce the well-known puzzle, i.e. we obtain X%M,RD(*) = 22.6 for 2 dof,
corresponding to a 4.40 tension. These observations imply that also NP scenarios should
not be judged simply by their absolute x? vs. d.o.f., but by the relative improvement of
their x? with respect to the one obtained in the SM as an indicator of their quality.

Considering the four relevant WCs in Eq. 9.7 and not including 2" as an input,
the global fit gives a total of three minima, described in Table 9.2: a global minimum
with Xﬁ/ﬁn ; = 34.1 for 53 d.of; and two local minima, with Xf/ﬁn 5 = 37.5 and
X35 3 = 58.6, being the later highly disfavoured by the differential distributions in ¢°.
The local minima are not very deep, resulting in complications in the determination
of the uncertainties for the WCs at these points. We mark with a symbol { such
uncertainties that, before reaching the AX2 =1, fall into another minimum.

Since the WCs enter each observable bilinearly, there is a degeneracy between a set

of WCs and a mirror minimum with

CYp=-2-CY,3 and C,=-C; for Ci=Cp;,C3 CL.  (913)

*Notice that the coefficient of the LH vector operator is (1 + C7 ).
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Min 1 ‘ Min 2 ‘ Min 3 Min 1 ‘ Min 2 ‘ Min 3
B(B, — 1) 10% 30%

X2, /dof. | 34.1/53 37.5/53 58.6/53 33.8/53 36.6/53 58.4/53
ClL 0177573 | 0415065 | —0.575035% || 0.19%5:07 | 042758 | 0541033
Chu —0.3970:35 | —1.15%005 | 0.0615%) | —0.561017 | ~1.33557% | —0.1475%
CiL 0367035 | —0.34%015 | 0.64%055 || 0.54%F0 | —0.167533 | 0.815053
cr, 0.0175:08 | 0.12799% | 0327392 || 0.007557 | 0.12%99% | 0.327002

Table 9.2: NP parameters for the minima obtained from the x? minimization and
lo uncertainties. There are, in addition, three corresponding sign-flipped minima, as
indicated in Eq. 9.13. In the first three columns, the constraint B(B, — 77) < 10%
has been applied, whereas in the last three columns, such constraint has been relaxed
to 30%. Table from Ref. [393].

Actually, this discrete degeneracy is just a remnant of the continuous rephasing
invariance that the complex WCs enjoy in the context of the observables entering in
the fit. Since the two sets of WCs give the same x? and the same predictions, in the
following we will only discuss one of them, particularly the scenario with smaller |C} |.

When adding the longitudinal polarization to the global fit, the overall structure
for the best two minima remains, although the available parameter space for the NP
parameters is slightly reduced. Nevertheless, strickingly, the less favoured local minimum
disappears. The results for the NP parameters at the minima obtained when including
F_’E * which will be refered under the label “b", can be found in Table 9.3.

Table 9.3: NP parameters
for the minima obtained

Min b Min 2b Min b Min 2b

- from the x? minimization

B(B. = 7) 10% 30% including F'P” and their
XZin/d-o.f. 37.6/54 42.1/54 37.6 /54 42.0/54 1o uncertainties.  There
cYr 014704 | 041709 || 0147914 | 0407996 are, in addition, the
cs, 0.09+014 | _115+018 || 09+033 | _q 344057 corresponding sign-flipped
O, | 0007 | 03l | —0.00%0 | ~oasrpyy  minima, asindicated
cf, | ooeg| oronmst | oo | onegy R EE 913 Tuble from

Ref. [393].
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Graphically, the results of the fit for the scenarios with and without FP" are
represented in Fig. 9.5. In both cases the FF parameters reproduce their input

distributions up to very small shifts; that is why we do not report them in the following.

0.9 I [ I 0.9 i i A
0.6 . : : | : = Min 1 0.6 . : : B :
03[ 535 | [ I | mm oMt ,w/EP 03[5g I | I °
0 e | W 1 | les " 0 T | les " °
\ , | Min 2 1 LA EL
-0.3 I'e I b = Min 9 w/pp 08 I I I
~0.6 . : : : in2,w/Fj ~0.6 o | |
. I | I
-0.9 | P | Min 3 -0.9 | | |
-1.2 I | I -1.2 I L I
Z15 I | I _15 R
Cv, Cs Cs, Cr Cv, Cosp Cs, Cr

Figure 9.5: WCs for the minima obtained in the global fit with and without including the
F'P” polarization. On the left (right) panel, B(B. — 77) < 10% (30%). See Tables 9.2
and 9.3 for their explicit values. Figure extracted from Ref. [393].

There are important correlations between the NP parameters obtained from the
fit, which are illustrated in the two-dimensional plots from Fig. 9.6 for the different
scenarios: with and without 7’2" and for 10% and 30% upper bounds on B(B. — 7).
The contours shown in that figure are relative to the global minimum. We note that
the distributions for, especially, the scalar parameters are highly non-gaussian. This
asymmetry can be understood from the way that the upper limit on B(B. — 77)
is implemented in the fit. In addition, since only their sum and difference enter in
B — D and B — D* decays, respectively, these parameters are furthermore highly
correlated. The non-gaussianity is also a consequence from the fact that the first two
minima overlap to some extent.

As we commented before, we used the HFLAV average for the ratios R ) from
Eq. 9.11 as input for our fit. Including the new average shown in Eq. 9.2 instead, we
found again qualitatively similar solutions to the previous case, as the comparison of
the numerical results in Tables 9.3 and 9.4 reflects. In the later, the results from the
fit including the new HFLAV average are shown. For simplicity, we present only the
solutions with B(B. — 70) < 10%; increasing this limit results again essentially in
larger ranges for especially the scalar WCs, although the new global minimum now does

saturate this limit, so also the central values change.
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Figure 9.6: Allowed regions for all possible combinations of two WCs for different
scenarios: Blue areas (lighter 95% and darker 68% C.L.) show the minima without F LD *
and with B(B. — 77) < 30%. The yellow lines display how the 95% C.L. bounds
change when B(B. — 7v) < 10%. The dashed lines show the effect of adding the
observable F'P” for both B(B, — 77) < 30% (purple) and for < 10% (orange). Figure
extracted from Ref. [393].

Min 1b Min 2b
Xom/dof | 37.4/54 40.1/54
Cry 0.09551 | 035505
Ciir 0.1475% | —1.277558
Cip | 020438 | 030754
Cir 0.007-591 | 0.09175:928

Table 9.4: Minima and 1o uncertainties
obtained from the global XQ minimization,
including the (at that time preliminary)
Moriond-19 result measured by Belle on
the R ratios [406] and the Fé)*
polarization [368], using B(B. — ) <
10%. There are, in addition, the
corresponding  sign-flipped minima, as
indicated in Eq. 9.13. Table from Ref. [393].
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9.1.3 Predictions

In Fig. 9.7 the predictions for the ratios R, in the context of the scenarios
studied in the previous section at their different minima are represented. In blue,
the SM prediction is shown, while the experimental central value of the ratios and its

uncertainty are shown in a gray solid line and bands of the same color, respectively.
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Figure 9.7: Predictions for Rp (higher numerical values) and Rp+ (lower numerical
values) for the minima obtained in the fit, both with and without including FP",
with B(B, — 70) < 10% and < 30%. The experimental values are represented by
the horizontal black lines, with their corresponding uncertainties (grey bands). The
blue lines show the SM predictions, Rp = 0.300f8j882 (upper blue line) and Rp+ =
0.251f8:88§ (lower blue line). Figure extracted from Ref. [393].

The predictions for the integrated angular observables within their 1o uncertainty
are displayed in Fig. 9.8. In red bars we show the predictions for FP". Notice that,
although being included in the scenarios “b" of the fit, still the FP" predictions are
not compatible with experiment within 1o; however, they are closer to the experimental
value as one would expect. In yellow, we show the predictions for PP, defined
in Eq. 8.110, whose experimental value was not included in the fit due to its large
uncertainties. Indeed, as the figure shows, all predictions of P”" are compatible with
the experimental value at less than 1o. To complete our study, we also show the
predictions for other accessible observables that have not been measured yet, such as

the forward-backward asymmetries AP, (purple) and AQ*B (green), defined in Eq. 8.84
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Figure 9.8: Predictions of the integrated observables for the different minima without
(Min 1, Min 2 and Min 3) and with (Min 1b, Min 2b) the inclusion of F" in the fit. The
shaded areas show the experimental results at 1o where applicable. On the left (right)
panel, a bound of B(B. — 77) < 10% (30%) has been applied. Figure extracted from
Ref, 393].

and 8.110 from Chapter 8, respectively; and the 7 polarization for the D meson, P

(blue), described in Eq. 8.110 from the same chapter.
For completion, the integrated angular observables obtained when updating the fit
to include the last Belle measurement on the ratios R (. released in Moriond-19 are

also shown in Fig. 9.9.

Figure 9.9: Predictions of the
integrated observables for the
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two minima obtained in the fit
including F'P" and the (at that
time) preliminary Belle result,
with a bound of B(B. —
) < 10% and 30%. The SM
predictions are shown in the first
column.  Figure extracted from
Ref, [393].

To close this section, we show the ¢? dependence of the angular observables at

the 10 level in the context of the global (red) and local (yellow) minima obtained when

including the FP" measurement and the Moriond-19 measurement of the ratios in the
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fit, assuming the more conservative upper bound of 30% for B(B. — 7). In blue, the

SM prediction is shown.

f Min 1b
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Figure 9.10: Predictions and 1o uncertainty on the ¢ dependence of the B — D)7
observables, for the solutions of the fit including the Moriond-19 result and F'P". An
upper bound of B(B. — 70) < 30% has been adopted. The predictions of Min 1b,
Min 2b and the SM are represented by a red, yellow and blue band, respectively. Figure
extracted from Ref. [393].

9.1.4 Interpretation of the results

Let us analyze the results obtained so far. From those not including FP", the

following information can be extracted:

e The reduction of the global x? by 31.4 (31.7) for 4 NP parameters implies a strong
preference of NP compared to the SM, taking the present data set at face value
and B(B. — 77) < 10% (30%).

e There is no absolute preference of a single WC in the sense that for the global

minimum each individual WC is compatible with zero within at most 1.1c.

® On the other hand, considering scenarios with only a single WC present, there

is a clear preference for C}: removing the other three WCs increases x? only
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by 1.4, corresponding to 0.140. Hence, Min 1 is well compatible with a global
modification of the SM, that is, C}; being the only non-zero coefficient.

* The other two minima are numerically further away from the SM; instead of a
single dominant contribution, there are several sizeable WCs whose contributions
partly cancel each other in some observables. These minima also imply different
values for the fitted observables: Min 2 corresponds to a slightly worse fit
for both, R ) and their ¢* distributions, while Min 3 fits R perfectly,
but is essentially already excluded by the (rather coarse) measurements of the

distributions available.

e All minima saturate the constraint B(B, — 7v) < 10% (30%). Relaxing the
upper bound allows for a larger splitting between the two scalar WCs, and the
contribution of the scalar operators gets enlarged. This constraint is consequently
the main argument at low energies disfavouring a solution with only scalar

coefficients. Any such solution would require a lower value for R p- by about 20.

e Having solutions with relevant contributions from all WCs illustrates the

importance of taking into account scalar and tensor operators in the fit.

e The fit results for the FF parameters reproduce their input values displayed in
Table 9.1 up to tiny shifts. This implies that the uncertainties of the experimental
data with tauonic final states are large compared to the hadronic uncertainties.
Differently stated, while the ranges obtained for the NP parameters are obtained in
fits varying all FF parameters simultaneously with the NP ones, they are essentially

determined by the experimental uncertainties at the moment.

e Generalizing the fit to complex WCs does not improve the minimal y? value,
but opens up a continuum of solutions. Hence, complex WCs can explain
the anomalies as well as real ones, but they do not offer any clear advantages
regarding the fit quality, so they have not been considered here for simplicity. It
should be mentioned, however, that in specific models the option of complex
WCs can open up qualitatively new solutions, as for example the model

proposed in Ref. [389], where only the coefficients CEL,C'EL (CEL ~ EL)
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are present, requiring a non-vanishing imaginary part in order to accommodate
the experimental data. This fact implies correlations with new observables like
electric dipole moments, which can then be used to differentiate this model from

solutions allowing for real coefficients [411].

e As discussed above, for each minimum given in Table 9.2 there is a degenerate

solution, see Eq. 9.13.

Including the recent measurement of the longitudinal polarization F”" in the global

fit, the above statements hold up to the following differences:

e Still there is no clear preference for a single WC. In this context, the central values
for the scalar coefficients are smaller for the global minimum, such that the bound
from the B, lifetime is not saturated even in the 10% case. As a consequence,
the minimum does not change when allowing for larger values of B(B. — 77);

only the allowed parameter ranges increase.
® The second local minimum (previously referred to as Min 3) disappears.

Finally, considering the updated average of the ratios R (. released in Moriond 2019,
we observe that again all individual coefficients are roughly compatible with zero at 1o.
C’XL alone also still provides an excellent fit to all the data, now with a smaller central
value of ~ 0.08. Interestingly, the fit with only C7, is improved by the new results,
although this does not correspond to any concrete UV complete scenarios.

It is not straightforward to compare our fit with the results from other analyses
in the literature, because we are including the information from the ¢? distributions
that has been ignored in most of the previous fits, as commented earlier. Besides that,
some works include additional observables such as R/, or slightly different bounds
on B(B. — 7). Nevertheless, comparing the findings of previous fits with our results
is quite enlightening since it illustrates the relevance of the additional observables we
are considering. Generic fits to the R ;,(.) world averages in Eq. (9.11), with the effective
Hamiltonian of Eq. 9.7 [331,337,353,359,388,390, 391,395,409, 410, 412-430], have shown
the existence of many possible solutions, some of them involving only one or two WCs.

Including the B(B. — 7v) upper bound reduces the number of allowed possibilities,
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but several different scenarios remain still consistent with the data. These solutions
can be easily reproduced when the ¢? distributions are dropped from our fit. However,
most of them lead to differential distributions in clear conflict with the BaBar and Belle
measurements. While a sizeable NP contribution to some WC can easily generate the
needed enhancement of the B — D)7 rates, it tends to distort the shape of the
differential distributions in a way than can no-longer accommodate the data, similarly
to what happens for Min 3. Once the full experimental information on R . (rates
and binned distributions) is taken into account, the y? minimization only gives the
three solutions shown in Table 9.2, and when including Fé) " in the fit, the number of

solutions is further reduced to two.

Looking at the collection of results obtained in the global fit and reminding us what
we have learnt from the fit-independent analysis, we can conclude that NP is strongly
preferred compared to the SM. In contrast, for the global minimum, each individual WC
is compatible with zero at 1o; 4 Hence, there is no preferred direction for NP that
could explain the so-called flavour anomalies for b — ¢ transitions. In addition, under
the assumptions that C};; is flavour universal and there are no RH neutrinos, it is not
possible to find agreement between all experimental measurements at 1o regardless of
the form of the UV theory behind. This potential incompatibility would suggest one of

several possibilities:

1) One of our theoretical assumptions is incorrect and the SMEFT cannot be applied
at the EW scale. This could happen if one or several of the following cases
apply: (a) There is an insufficient gap between the EW and the NP scale, i.e.,
there are new d.o.f. close enough to the EW scale to invalidate an EFT approach.
(b) The EW symmetry breaking is non-linear, changing also the character of the
observed Higgs-like particle. In that case C}; could contribute to the fitted
observables, because it would no-longer be necessarily flavour universal. (c) There

are additional light d.o.f. like RH neutrinos [431-433)], yielding additional operators.

This apparent contradiction can be understood by looking at Fig. 9.6 there are strong correlations
among the WCs. For instance, as the panel in the left-up corner shows, it is not possible to set both the
vector and tensor WCs to zero simultaneously.
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Note that we also assumed the semi-leptonic decays with light leptons to be free
from NP. However, the corresponding constraints are so strong that even relaxing

this assumption would not significantly change our analysis [359].

2) An unidentified or underestimated systematic uncertainty in one or several of the

experimental measurements.

In any case, the upcoming experimental studies of not only the LHCb collaboration,
but also the Belle II experiment, which started to take data, will hopefully resolve this

question soon.

9.2 Global fit to b — ¢ : Including CXL

We will first explore the possibility that the EW symmetry breaking is not linearly
realized, i.e. C},; is not flavour universal so that it could modify the predictions for
the b — ¢ observables. The aim of relaxing this initial assumption we made in the
previous fit is to study whether this allows us to find agreement among all experimental
measurements in the context of a consistent theoretical framework.

Going back to the fit-independent analysis of the D* observables, we find that, in
this case, overlap between all observables at 1o can be found. This is illustrated in

Fig. 9.11, for different benchmark values of CXL and CEL, in the C%L‘CP plane.

Clp=-05.C, =0 1L = 01,07, = [cfy = —0.91,CF, = 022
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Figure 9.11: Allowed regions at 1o from Ff " (blue), Rp+ (green), 757D ’ (gray grid) and
the ¢? distribution of I'(B — D*77) (red), together with the region satisfying the bound
B(B. — 1) < 10% (orange), with CEL # 0.
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In this case, the fit has an extra d.o.f. with respect to the previous one, CEL, and
the number of minima is doubled (plus their sign-flipped counterparts), as shown in
Fig. 9.12. The F 5 " measurement has been included in this fit. These four minima,
together with the value of the NP parameters in their context, are numerically listed in
Table 9.5.

Min 4 Min 5 Min 6 Min 7
X2/ do.f. 32.5/53 33.3/53 37.6/53 38.9/53
Clp | —091%Gq0 | —0.85%515 | 0.14%G5; | 0.357555
Che 189103, | 1587533 | 0021535 | 0.34%0+3
CRr | —0.44%535 | —033%055 | 0.10%550 | —0.68757
Chp | —13455%, | 0567555 | —0.121055 | —0.92751%
Ch, | 022505 | 0197535 | 00155 | —0.02%557

Table 9.5: Minima with their 1o uncertainties obtained from the global x? minimization,
including FP* and B(B. — 77) < 10% in the fit while allowing for C};; # 0. There
are, in addition, the corresponding sign-flipped minima, as indicated in Eq. 9.13. Table
from Ref. [393].

The doubling of minima can be understood qualitatively in the following way: B —
D is dominated by the combination of WCs corresponding to the vector coupling
Cy =1+ CY, + C¥;, while B — D* is dominated by the axial-vector coupling
Cy = C"éL — (14 CY}). Their rates are correspondingly roughly given by |Cy 4|2. For
CY, = 0 we have Cyy = —Cy, and the only remaining discrete symmetry is the 2
symmetry in the WCs, the second solution being eliminated by our choice C}; > —1.
With a finite coefficient C};, these two solutions become four ({Cy = £|Cy4|, Cy =
+|Cy|}), since now |C4| # |Cy|; two of those are again eliminated by our choice for
CY;, leaving two solutions per minimum with C;; = 0. This degeneracy is broken by
interference terms, notably Re(C AC{’}) in B — D*, but also the interference with scalar
and tensor operators. Nevertheless, this approximate degeneracy explains the doubling
of solutions for finite C};; .

Comparing these minima with the ones previously obtained, listed in Table 9.3,

we find that the previous global minimum, Min 1b, remains a solution of this more
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general fit, now called Min 6. Furthermore, Min 1b doubles into an extra local minimum
in this case, which enjoys a significant contribution from C}%; that compensates the
change in C}/; with respect to Min 1b results. The new global minimum, called Min 4,
and the close-lying Min 5 improve the agreement of the fit with the data significantly.
However, in these scenarios, the SM coefficient is almost completely cancelled and its
effect replaced by several NP contributions. These are hence fine-tuned scenarios, and

should be taken with a grain of salt.
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Figure 9.12: Allowed regions in the C}; — CY; plane, for the global fit including £,
restricting B(B. — 77) < 10%. Lighter and darker blue areas show regions with
95% and 68% CL, respectively. Left: All four minima shown in the chosen parameter
convention with CXL > —1, relative to the global minimum. Center: the two minima
with C}; ~ —1, without restricting C}; > —1, see text. Right: the two minima with
‘CEL, 1] < 1, relative to Min 6. Figure extracted from Ref. [393].

In accordance with the above reduction for 2. , and looking at the fourth panel
of Fig. 9.11 where the result of the global minimum Min 4 has been assumed for the
fixed WCs, we observe that, in this case, it is possible to have an overlap of all the
bands. However, it is still not possible to reach the central value for the longitudinal
polarization fraction, and as mentioned above, one should be aware that this scenario

corresponds to a fine-tuned combination of parameters.
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9.3 Global fit to b — c : Including vy

From the previous section we have realized that, by allowing for a non-flavour
universal C';, although consistency between theory and experiment can be found at
the 1o level, the fit proposes scenarios that, even fine-tuned, would not be able to
provide a satisfactory answer if the statistics is improved and the central value does not
change.

At this stage, there is only one assumption left that we could relax; let us assume
that light RH neutrinos can play a role in our EFT. This statement is well-motivated by
the fact that neutrinos have a tiny mass which, as we have already discussed several
times along this thesis, cannot be explained within the SM matter content. A RH d.o.f.
could provide mass to the SU(2)y neutrino that the SM contains. Even though the
origin of this mass, the nature of neutrinos and their embedding in a UV-completion
of the SM remain as big question marks, as discussed in Chapter 1, we will assume
the existence of a vp ~ (1,1,0), a sterile neutrino, affecting our EFT at low energies.
The RH singlet comprises the simplest ingredient for neutrino masses and it is further
motivated by consistent gauge theories involving the lepton number (see Chapters 3
and 5). In the literature, light RH neutrinos have been suggested as a possible way to
evade the current phenomenological constraints on the EFT operators containing vy,
fields, see Refs. [334,340, 415, 431-444]. Besides, the existing limits from the neutrino
sector do not constrain significantly the scale of v operators beyond what is probed
in b — ¢77 transitions. In order not to disrupt the measured B — D™ 77 invariant
mass distributions, we will assume light RH neutrinos, m,,, < O(100) MeV, which is
also consistent with other cosmological and astrophysical limits. Although this neutrino
mass range is not specially motivated with respect to other mass scales, it is motivated
by our aim: to study whether light RH neutrino could modify our conclusions about the
anomalies so far.

If neutrino masses are neglected, the two chiralities do not interfere and, therefore,
the decay probability becomes an incoherent sum of the LH and RH neutrino

contributions:

B —crv) = I'(B— crvr) + (B — ctoR) (9.14)
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By extending the SM matter content to an extra RH singlet, new interactions unavoidably
appear. In this context, the number of WCs of the effective Hamiltonian is doubled. In
Chapter 8, in Eq. 8.2, the most general Hamiltonian describing the relevant interactions
for b — c7v transitions was introduced, and it will be the basis of the study presented

in this section.

9.3.1 Fit-independent analysis

As we previously did for the LH coefficients, let us study the effect of the WCs
involved in the RH neutrino lepton currents on the observables we are interested in.
In Fig. 9.13, the dependence of the observables on the individual RH neutrino WCs is
displayed, together with their experimental values within their 1o uncertainty, shaded

with a yellow band.
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Figure 9.13: Individual contributions of the WCs involving RH neutrinos. The solid
(dashed) lines show the parameter space allowed by the constraint B(B, — 7v) <
10% (30%), whereas the fainted lines show the predictions without taking into account
this constraint. Figure extracted from Ref. [333].

As the reader can see, because of the absence of the W contribution in the RH
sector, the expressions for the D and D* observables enjoy explicitly more symmetry
than before. For instance, in Fig. 9.13, we can see how the effect of vector and scalar
WCs is degenerated when switched on individually. Comparing the contributions of
the RH neutrino WCs with the LH ones, shown in Fig. 9.2, both behave similarly in
the sense that vector WCs, as Fig. 9.14 also shows, constitute a perfect remedy for the

discrepancies in the ratios R ;5(») but for FLD ", in contrast, the prediction deviates even
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more from its experimental value. Scalar contributions would also help towards lowering
the tension of these observables but they are strongly constrained by the B(B. — 77)
decay, similarly to the scenario with LH neutrinos. That is why we should in general
expect a better agreement between theory and experiment when such bound is relaxed,

although as we will see this is not always the case. So far, from the contributions of

.10

2‘0:_ Figure 9.4: Correlation between
ARp and ARp+, where the

0-00¢ dependence on the individual

5 004 o RH neutrino WCs is displayed
S et ding to the legend.  Th
b o5 = o5, according to the legend. e
0.00 _ o experimental central value is
—o0.02k denoted by a black cross, whereas
—0.04} in yellow bands we show the 1-, 2-

: : : : and 3-0 uncertainties.
~0.10 =0.05 0.00 0.05 0.10 0.15 0.20

ARp

individual RH neutrino WCs, one can conclude that no agreement can be found at 1o,
likewise the previous case. Apparently, even doubling the number of free parameters in
our EFT, the experimental value for F'2" together with the B, — 77 decay keep theory
and experiment from being compatible at the 1o level. Notice that such incompatibility
disappears when the F'P”" measurement is taken at 20, as Fig. 9.13 shows in brown
bands. Let us study whether the interferences between several WCs, as well as the
addition of both LH and RH contributions help towards achieving a consistent scenario

for the charged current flavour anomalies.

9.3.2 Global Fit

For the global fit we follow the same procedure obeyed when only considering LH

leptonic currents with the following differences:

e We updated the average of the ratios to the numbers published by HFLAV in
summer 2019 [362],

RPH® =0.340 £ 0.027 £ 0.013 and RHY =0.295+0.011 £ 0.008. (9.15)
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e In spite of its big uncertainties, P”" was included this time in the fit. The reason
is that in this case the number of free variables is doubled and this constrain
helped to stabilize the fit.

9.3.2.1 Standard Model

First of all, let us look at the SM scenario in this context. Very similar to the previous
case, up to the above modifications, by setting all the WCs to zero the x? for the SM,
with now 59 d.o.f,, is given by

xau/dof. = 52.87/59, (9.16)

corresponding to a 69.95% probability (p-value, defined below). As in the previous
case, we should take the normalized X2 with a grain of salt, since we know that the
inclusion of multiple inputs with large uncertainties, in our case the differential ¢
distributions of the semileptonic decays, reduce considerably the absolute x? value and
can lead to misleading conclusions. The overestimation of the quality of the fit can be
understood, in exactly the same way as we argued in the first section of this chapter,
by looking at the split contributions of the fit inputs. Considering only the contribution
of the ¢ distributions we find that x2,(¢? distributions)/d.o.f. = 36.77/56, while
Xem(Rp, EP”, PP") /dof. = 16.1/4, corresponding to a 2.98¢ tension for the later.
Taking into account only the x? value of R .y we obtain 13.36 for 2 d.o.f, recovering
the well-known 3.2¢0 tension. As a fair indicator of the fit quality, let us define the
SM-pull, which is a statistical measure that quantifies the goodness of the fit. It is
defined as the probability in units of o corresponding to the difference Ax? = 2, — X2,
assuming that Ax? follows a x? distributed function with An; = ngy —n; d.o.f, where
the label i refers to the ith scenario. The translation from probability to os is done
by associating such probability to the one corresponding to a Pull number of standard

deviations in a normal distribution with An; d.of.’ i.e. [423,445]

Pullsy; = prob(Ax?, An;)[o] = \@Erf_l[CDF(Axg,Ani)], (9.17)

SA probability of (68.3%, 95.5%, 99.7%) equals to (1o, 20, 3¢), respectively.
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Al CY;+ All RH neutrino WCs
Min. | Br | x?/d.o.f. e ey O O T CE
Al 10% | 37.26/53 | —0.367031 | 1107020 | 0.031%041 | —0.037048 | —0.20703 | —0.10540.0%
30% | 364253 | —0.507041 | 1344020 | 020470298 | ~0.224027" | —0.02+0%2" | —0.123+30%
gy | 1% | 388653 —0.131010 fo.ogtg;g? —0.691354" | 0344057 | 0030707 | —0.0067 2’
30% | 38.54/53 | —0.1570%; | —0.157031 | —0.6970 7 0.59+038" | —0.24%0L, 0.00713 444

Table 9.6: NP parameters for the Scenario “All", described in the text.

where CDF(Ax?, An;) = 1 — p(Ax?, An;) is the x2-cumulative distribution function
evaluated at Ax? for An; d.of. The probability is given by the p-value, which also
characterizes the goodness of the fit, defined as

[ee]
p(Xr2ninv n) = / dz X2(Zv n) ’ (9.18)

2
Xmin

where x2(z,n) is the x? probability distribution function with n d.o.f..

9.3.2.2 General cases

As previously mentioned, by adding RH neutrinos, the set of operators increases
from 5 to 10. The large number of free parameters makes it difficult to perform a global
fit to the full basis of operators. Let us cleverly use the information extracted from the
previous fits for this multitudinous case.

Since the best scenario involving LH currents was a global modification of the SM,
i.e. a positive C}; contribution, being the rest of LH neutrino WCs compatible with
zero, let us only consider C}; together with all RH neutrino WCs in this new fit. We will
label this scenario as "All". The results of the fit in this context are listed in Table 9.6.
Imposing the bound B(B, — 77), two minima are found. By shifting the WCs up
to 1.20, the global minimum becomes compatible with a solution in which the only
non-vanishing WCs are C} and C% . As Fig. 9.13 shows, both C} 5 and C%p, help to
reproduce the experimental value of Rp, Rp+ and PP". For FP" it is a combination
of several operators that helps. In the local minimum, the dominant contribution comes

from C}p. Since both minima saturate the B(B. — 77) < 10% constraint, we relaxed
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it to 30% and found, as expected, that the value of the x?/d.o.f. slightly improves in this
case, whereas the scalar WCs are further away from the SM limit.

In both cases one can see that most of the WCs have large uncertainties. This can be
understood from the fact that a large set of variables to fit allow for larger correlations
among them, which in turn allows wider ranges for the WCs considered. The global
and local minima have in fact quite close values of x?/d.o.f,, and the x? distribution in
the region between them is rather flat. Thus, when evaluating their 1o variations, one
minimum falls often into the other one, as indicated by the T symbol.

One can also wonder which would be the most preferred scenario by the
experimental data when NP only affects the currents involving a RH neutrino. We

"

refer to this scenario as “vg", and their results are shown in Table 9.7. Here, CXL is
switched off so that one would expect C} and C%p to dominate again in the fit.

Indeed, by shifting all the WCs within their 1o uncertainties, the global minimum is

vg:  All RH neutirno WCs
Min. | Br. x> O C¥r C’IS%R CER Cls
- 10% | 38.54/54 | 0.527013 0.067935 | 0.0419% | —0.35T572 | —0.057+30%0
30% | 38.33/54 | 0.471030 0.10703% | 0.2870:21 | —0.597089 | —0.05475:58%
ol 10% | 39.05/54 | 0.07+030 | 042404 | —0.32¢070 | 010792 | 0.004*3050
30% | 38.80/54 | 0.12:+£0.30 | 038704 | —0.57703% | 0.3310200 | —0.006+005!

Table 9.7: NP parameters for the Scenario “vy", described in the text.

compatible with a solution in which the only non-zero coefficient is C’XR. In that sense,
CYr, plays a similar role as the C}; in the previous scenario, which acted modifying
the SM contribution. In the local minimum, the main contributions to the observables
are coming from C},5. By relaxing the B(B, — 7#) bound up to 30%, as one could
already expect, the y? slightly improves.

9.3.3 Scenarios involving all possible UV-mediators

Let us now focus on the different motivated scenarios presented in the first section
of Chapter 8. Those arise by integrating out each of the single NP mediators that could

contribute to the b — ¢7v transitions involving RH leptonic currents. By doing that,
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there are six scenarios to consider where only small subsets of operators at the m;, scale
are generated, so that the number of free parameters to fit is considerably reduced. As
we showed in Chapter 8, in some cases, when integrating out the UV mediator, LH
neutrino WCs are also unavoidably generated. For these scenarios we will consider both
the solely RH contribution together with the more general case where both RH and LH
neutrino WCs participate. In the context of these particular scenarios, one, two or four
WCs are generated, being the rest zero. This allows us to have a better control on the
numerics of the fit and even study in a fit-independent way the different scenarios,
allowing for a global and better overview of the situation.

From what we learnt in Chapter 8 about the possible UV mediators, V*, Ry and V*
do not contribute to any LH operator. We will refer to those as genuine RH scenarios.
In the scenarios involving Ry and S, where scalar and tensor couplings arise at the
NP scale, the renormalization-group running between Axp ~ 1 TeV and the scale my
generates the factor » = 2. Except the scenario involving ‘72“ , the rest of them have
been also studied at Ref. [433].

Within each scenario we will perform a standard y? fit to the data. There are 60
experimental d.o.f, 4 corresponding to R (), FP" and PP”, and 56 to the binned ¢?
distributions. Therefore, the number of d.o.f. of our fits is 60 — Nwc — 1 = 59 — Nwc,
where Ny is the number of WCs entering in the fit. All solutions resulting from our
fits will present up to three flipped minima with degenerate x? values. The first flipped
minimum is obtained by reversing the sign of the LH neutrino WCs while keeping the
RH neutrino WCs untouched:

CLL - —2 - CZL , CZL - ClL 3 Cz ClR? (919)

for X = S,V,T and i = L, R, except for C}/;. The second flipped minimum is

obtained reversing only the RH coefficients,
C’lL =Cf CzR = O, (9.20)
for X =S, V,T and ¢ = L, R, and the last one flipping both left and right WCs,

CLL——Q—CXL, CL - CZL’ CR - CZR7 (92].)

K3 K3



320 9. Global fit to b — c transitions

for X =S, V,T and i = L, R, except for CXL. From now on, we will only discuss the
closest minimum to the SM scenario.

In Fig. 9.15, the first row represents the parameter space allowed by the different
measurements within their 1o of the observables considered in the fit in the RH neutrino
WCs plane. In here, LH neutrino WCs are switched off. In the second row, the same
predictions are displayed but this time fixing the LH neutrino WCs to their central values
of the minimum obtained in the fit (see Table 9.8). In the last row, we show the genuine
scenarios which only depend on a single RH neutrino WC.

As one can see from this figure, there is no overlap at the 1o level between
all observables, regardless of the values taken by the WCs. When considering the
experimental value of F LD " at 20, agreement can be found in most of them, but in the
scenario involving the second Higgs doublet, where the compatibility is spoiled by the
bound on the B(B, — 7) decay.
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Spin 0
Ry~ (3,2,1/6): Csp=4rCky
Scen. | Min. Br. | x2/dof. Ok
Ry - | 10% | 44.20/58 0.05400%
@~ (1,2,1/2)
Scen. | Min. Br. | x%/dof. @ Con € G
a(1) 10% | 49.93/57 | 0.46%09% | —0.06%0%2 - -
o 30% | 44.49/57 | 029775501 | _0.67375:591 - -
o2 10% | 49.93/57 | 0.0610% | —0.467038 - -
30% | 44.49/57 | 0.67370:053 | —0.29775:9% - -
Galy | L | 10% | 485655 | 0.0+03 0.0+0.3 | 021139 | —0.11%5:57
30% | 40.03/55 | 0.00 +£0.45 | 0.004+0.45 | 0.407+0:92 | _0.329+0 116
Si~(3,1,1/3): Cop=—4rChp, and CF, =—4rC%,
Scen. | Min. Br. | x%/dof. Clm CLtn @'h T,

Sy - | 10% | 39.21/57 | 042270071 | 0.022+0:932 - -
Sy+LH | - | 10% | 39.06/55 | 0.367709% | 0.00470085 | 0.0347038 | 0.0107903]
Spin 1
Ul ~ (3,1,2/3)

Scen. | Min. Br. | x%/d.o.f. Ol Corn ey, @

Ut - | 10% | 39.39/57 | 0.39709% ~0.1792 - -

U +LH | - | 10% | 39.37/55 | 0.387090 | —0.01503% | 0.007508 | —0.034097
Vi ~ (3,2,-1/6)
Scen. | Min. Br. | x2/dof. O
v - ‘ 10% | 47.32/57 ‘ 0.418+5-957
Vi~ (1,1-,1)
Scen. | Min. Br. | x%/d.o.f. Chr
Vi - ‘ 10% | 39.50/58 ‘ 0.37010025
Table 9.8: NP parameters for all scenarios considered, toghether with their XQ.
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Figure 9.15: Fit-independent plots for the UV-motivated scenarios displaying the regions
allowed at 1o. On the first row, only the RH neutrino WCs shown are switched on,
whereas on the second row the corresponding LH neutrino WCs are fixed to their best-fit
values. In the third row we show the genuine scenarios for RH neutrino currents. The
dashed orange line shows the more relaxed bound B(B, — 7v) < 30%, and the red
grid shows the parameter space consistent with the experimental measurement of F'2"
at 20. Figure extracted from Ref. [333].
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In order to parametrize the quality of the scenarios, the Pull with respect to the SM

is computed, together with the p-value, defined in Egs. 9.17 and 9.18. Both are shown in
B Pullyyy B p-value

Fig. 9.16.
10‘7/ ’30‘/ 10‘7 ‘%OL/ 10‘7/ ’30‘/ 10% ’%()L/ 10"/ 10‘7/ 10‘7 ”»0‘/ 106/ %0"/
AN AN well] | wal2] ve +LH U'YLH R, +LH S +LH

e
O XO

Figure 9.16: Pull and p-value of the different scenarios discussed.

Fig. 9.17 also includes the pull applied to the different pieces of the 2, namely
X?[R p(»] the ratios contribution, x2[dI"/dq?] the contribution from the ¢?-differential
distributions, and y[Pol] the contribution from the integrated polarization observables
PP and F D “, in order to quantify how preferred the scenarios are regarding
these particular class of observables. Negative bars in this figure indicate that the

corresponding x? scenario is worse than the SM one, representing a disfavorable case.

H PU.HSM[dF/dQZ} | PUHSM[RD<*)] B PUHSM{POI]

0.0 JJJJU{HLUMJ
10%  30% 10% 30% 10% 30% 10% 30% 10%  30% 10% 30% 10% 30%
AN AR well] wmBl ve o[ a2 | ¥LH | U*¥1H R,¥LH S, LLH

Figure 9.17: Specific pulls regarding the different contributions to the x? from the
q?-differential distributions, the integrated polarization observables, and the ratios.
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9.3.4 Predictions

Given the results obtained by the global fit, let us analize what are the predictions
of the observables we can access at experiment.

The predicted values of the different observables within each fitted scenario are
given in Fig. 918 and in Table 9.9, where the numerical predictions are marked either
with a green tick () if they agree with the experimental value at 1o or with a red cross
(X) if they do not. All minima are in agreement with all experimental observables at the

20 level.

PPt
FPt
Ryt

Rpt

ALl AN[2] wg[l] wal2] V* @] @2 ®+LH U/ U'+LH R, S S +LH 7

Figure 9.18: Predictions for the fitted observables, normalized to their measured values,
with their 1o experimental uncertainties shown as orange bands. For these predictions
B(B. — 10) < 10% is taken. The green and red regions indicate the predictions
arising from each NP scenario that are in agreement or not with the experimental value,
respectively, at the 1o level. The labels within brackets specify the minimum within a
given scenario. The numerical values of these predictions are listed in Table 9.9. Figure
adapted from Ref. [333].

As discussed in Chapter 8, the three-body differential distribution in B — D7 and
the full four-body angular analysis of B — D*70 — (D)7 provide a multitude of
observables that could be experimentally accessible. The presence of neutrinos in the
final state makes the measurement troublesome, compared to the case of well-known
neutral-current transitions like B — K*puji. Nevertheless, measuring the distribution of
the secondary 7 decay, some information on the angular coefficients J; and I;, defined
in Egs. 8.81 and 8.98, could be obtained in the near future. As it can be seen from their

explicit analytic expressions in Eqs. 8.83 and 8.99, these ¢>-dependent functions can
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be very sensitive to the NP WCs present in the theory. In this section, we provide the
predictions of such observables in some relevant NP scenarios considered in this work.

Fig. 9.19 shows the predictions for the forward-backward asymmetries AIQ;) defined
in Egs. 8.84 and (8.107), the lepton polarization asymmetries of Eq. 8.110 and the
longitudinal D* polarization 2" defined in Eq. 8.105, as functions of ¢2. For simplicity
we have illustrated the four NP scenarios with largest pulls with respect to the SM.
Notice that the scenario coming from the V), integration, which contains the single WC
CY,, will always give the same predictions as the SM scenario for the forward-backward
asymmetries, " (¢?) and the angular coefficients 7;(¢?). Therefore, this scenario is
only included in the 7 polarization asymmetries. Error bands in these plots correspond
only to the uncertainties arising from the fitted WCs. These uncertainties have been
obtained by minimizing the x2, imposing O; = O; min+AO; min, and taking the value of
the observable O; for which x? = x2,, + 1. Other smaller errors such as FF parameters
or additional inputs are not taken into account. Therefore the SM predictions, plotted
as dotted black lines, do not present any uncertainties.

From these plots, we can see that scenarios with a larger number of WCs also have
larger uncertainties (Scenario Al), as expected. The forward-backward asymmetry A2
could be useful to distinguish the scenario generated by Ry from the SM, but the large
uncertainties make difficult to discriminate it from other scenarios or to differentiate the
SM from scenarios coming from U}, V* and S;. A precise measurement of A2, would
allow to distinguish Scenario All and the Scenario Ry from the rest of NP scenarios,
which partly overlap with the SM prediction. A similar situation occurs for FP", where
clear differences manifest at low values of ¢ while the different scenarios considered
tend to overlap at high ¢%. The 7 polarizations P )" are useful to distinguish Scenario
V,, from the SM, since these are the only observables that are sensitive to a single shift
in C%R. Moreover, in Scenario All, 7371? and 777? " exhibit a quite different dependence
on ¢?> compared to the other scenarios, which could be exploited to distinguish it at low
q? values. In the high ¢? region, P”" also allows to discriminate Scenario All from the

other possibilities.
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Figure 9.19: Dependence on q> of AIQ,(;), 7771.) ) and F Il? * for the best-fit scenarios.
Figure extracted from Ref. [333].

In Fig. 9.20 we plot the B — D*r angular coefficients, as functions of g2,
normalized by the decay width, i.e.

Ti(g) = Np+(¢?) 1i(¢?) 9.22)
I's(q?)
where the angular coefficients I;(¢?) are given in Eq. 8.99 from Chapter 8. The CP-odd
quantities 7, Is and Ig are identically zero in our case, because we have only considered
real WCs in our fits. It is interesting to notice that despite the large uncertainties,
Scenario All can be easily distinguished from the SM predictions and from other minima
(for instance looking at I;, or I5). However, being able to distinguish other scenarios
would be more complicated, unless the current errors on the WCs are sizable reduced.
There is always an overlap between the SM predictions, Scenario S; and Scenario U7}".

The scenario coming from Ry is close to the ones generated by U/, S| and the SM
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Figure 9.20: I; (see Eq. 9.22) for different scenarios. Same colour legend as in Fig. 9.19.
Figure extracted from Ref. [333].

predictions, but it is still possible to distinguish it looking at low (I, I5) or high (Io,

I, Is and Ij) ¢? values.
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Scenario ‘ B(B. — )

Rp

Rp~

pp—
Fi

PO

Experiment ‘ - 0.340 £ 0.027 £ 0.013 | 0.295 = 0.011 = 0.008 ‘ 0.60 £ 0.08 + 0.04 ‘ —0.38 £0.5175%;
Al 10% 0.339 £ 0.030 v/ 0.295 £ 0.014 v 0.494759% v 0.06754% v
30% 0.338 +0.030 v 0.295 +0.014 v/ 0.51070:014 v 0.0875%2 v
Al 10% 0.338 £ 0.030 v 0.296 = 0.014 v 0.47270:0% x -0.201957 v
30% 0.338 +0.030 v/ 0.296 + 0.014 / 0.48810:088/ —0.24%958 v
ol 10% 0.34170:9% v 0.296 + 0.013 v 0.47470:039 X —0.4278% v
30% 0.34170:9%2 v 0.296 + 0.013 v/ 0.4897001% X —047138 v
i) 10% 0.339 + 0.030 v 0.296 + 0.014 v 0.471%0:0%3 X —0.40175:02% v
30% 0.340 + 0.030 v 0.295 + 0.014 / 0.48430:012 X 0455583 v
VH 2.5% 0.343 £0.012 v 0.294 £ 0.010 v 0.462 =£ 0.004 X —0.377105% v
- 10% 0.35310:028 v 0.263870:9%%8 X 04662709980 x| —0.502879003% v/
30% 0.34870:9%8 v 0.269970. 5052 X 0479279004, X | —0.51447090%0 v
o 10% 0.35310.038 v 0263870003 X 04662700982 x| —0.502870003; v/
30% 0.348700%8 0.2699700052 x 04792500061 X | —0.5144755%8 v
L 10% 0.353 £ 0.028 v 0.270870:5032 X 0.481570:504% X —0.44215:9%
30% 0.340 £+ 0.028 v/ 0.286670.003 v/ 0.512570:0%38 v —0.35619008 v
Ut 2.2% 0.33570:9% v 0.296610:9%13/ 0.461170:99%6 x —0.36410:038
Ut +1H 2.0% 0.334 +0.029 v/ 0.297 +0.013 v/ 0.460970:5053 X —-0.38%977T v
Ry 7.6% 0.36110022 v 0.274810:0066 0.4522 +0.0050 X | —0.480070:5578 v
S1 4.6% 0.335100%1 v 0.297 +0.011 v/ 0.46875-907 x —0.377130%%
S1+LH 4.3% 0.32875:9% 0.299 +0.012 v 0.47175:914 x —0.388970 v/
vy 7.3% 0.35970:033 v 0.2629 £0.0036 X | 0.4644 £+ 0.0043 X | —0.5012 % 0.0039 v/

Table 9.9: Predictions for the fitted observables in the different minima, and their
experimental values. Table adapted from Ref. [333].

9.3.5

Interpretation of the results

From the last section, together with the results of the fit collected in Tables 9.6, 9.7

and 9.8, the following conclusions can be extracted:

e In general, it is difficult to reproduce the experimental value of the longitudinal

D* polarization within its 1o range. From Fig. 9.18 and Table 9.9 we can see that
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the only solutions reproducing all the experimental values (marked with a v') are
the scenario All with either a 10% (Min[l]) or a 30% (Min[l] and Min[2]) upper limit
on B(B. — 77), and the scenario ¢ with LH neutrino WCs with a 30%.

e All solutions exhibit pulls between 1.2 and 3.7 with respect to the SM fit, showing

a clear preference for NP contributions.

* The largest pull with respect to the SM fit is obtained in the scenario with V,,
which only contributes to the C}p, coefficient. Notice that C}p, plays a similar
role than CY; in the observables involving b — ¢ transitions. Therefore, the
preference of the fit for this scenario can be easily understood, since a SM-like

modification was the best fit solution in absence of RH neutrinos [393].

e Scenarios generated by ®, Ry and V5, involving only scalar (and tensor) operators,
have the largest x? value. As Table 9.9 and Fig. 9.18 show, scenarios with ® and
V, fail badly reproducing the experimental value of R p-.

e Scenarios generated by @, ]:22, VQ and Min[2] from Scenario vg, are disfavoured
by the ¢ differential distributions of the B — D) decay with respect to the
SM, as the corresponding Pullgy in Fig. 9.17 shows.

* Those solutions further away from the SM (larger pulls) present higher p-values,

as Fig 9.16 shows.

e In scenarios with several operators, the best fits correspond to solutions where
all WCs but one are compatible with zero. The non-zero WC is typically C% 5

(Scenarios U}" and S).

* When scenarios with and without LH neutrino operators are compared, the fit
indicates a preference for solutions with all LH neutrino WCs compatible with

zero within 1o.

9.4 Conclusions

In this chapter we presented a global fit to b — ¢ transitions taking the available

experimental information at face value. As a theoretical framework we adopted an EFT
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approach based on the most general Hamiltonian relevant for such processes under
the assumptions that NP enters only in the third generation of leptons, that there is a
sizeable gap between NP and the EW scale, that the EW symmetry breaking is linearly
realized, and that there are no light RH neutrinos entering in our EFT study. We also
assumed that the WCs are real, although we relaxed this assumption and did not find
an improved description of the data. In contrast to the previous works, we considered
the ¢? distributions measured by Belle and BaBar on the B — D®*)77 decays.

We observed that the preferred scenario for the global fit can be interpreted as
a global modification of the SM; that is, none of the fitted WCs are required to be
non-zero for the global minimum. However, a strong improvement in the x? is found
for such minimum with respect to the SM scenario. The later can be understood by
taking into account the large correlations between the WCs. Taking also into account the
model-independent results obtained when studying the individual contributions of the
WCs, together with the scenario for the D* observables, we observe that F LD " cannot
be accommodated within 1o for any combination of WCs. In other words, if the central
values of the experimental measurements were sharpened, no NP would be able to
explain such discrepancies. The later would force us to conclude that either the current
experimental values are not the ultimate ones and they will eventually approach the SM
predictions with more statistics, or that one of our initial assumptions is not correct.

To disentangle this dilemma, regarding the first possibility, we should still wait for
more statistics and data. The second option, however, can be further explored, what
motivated us to relax some of the initial assumptions. First, we considered a non-zero
CY,; in our fit, i.e. we allowed for a non-linear breaking of the EW symmetry. However,
although having an extra d.o.f, the scenarios consistent with all the experimental
measurements at 1o are very fine tuned.

Given the circumstances, we decided to relax one more assumption and include a
light RH neutrino in our EFT, expecting that more d.o.f. could allow for a successful
fit to the given experimental data. For the RH case, the best scenario involves vector
coefficients, likewise the previous case. Among all scenarios analysed, the vector boson
V# seems to be the preferred option, in terms of the pulls from the SM hypothesis.
The next two possibilities are the scalar leptoquark S; and the vector leptoquark U?',

switching on the RH neutrino couplings only, which can also provide good agreement



to the data. However, it is important to note that none of these three possibilities can
generate values of the longitudinal D* polarization within its current 1o experimental
range; they can only reach agreement with the 2" measurement at the 20 level.
Interestingly, the FP " data can only be explained at 1o in very few cases, namely,
with all RH neutrino operators plus the SM-like contribution, i.e. Scenario All, or with
a scalar boson ®, switching on both v and vy operators and with a relaxed upper
limit of 30% on B(B. — 7). However, these scenarios are not the best choices in
explaining the R j(.) measurements in terms of pulls. Nevertheless, they do reduce the
R p(+ deviation significantly, and bear very important information about simultaneous
agreement of all observables considered in this work. Due to the large uncertainty of
the current P”" measurement, all scenarios are compatible (within 4-10) with it. The
‘R p measurement is also easily accommodated in all the NP scenarios that have been
analysed. Measurements of additional observables such as polarizations and angular
distributions could help to disentangle the dynamical origin of the current anomalies. In
particular, we have displayed the information contained in the three-body and four-body
angular distributions of B — D7v and B — D*(— D)0, respectively, and their
sensitivity to the different NP scenarios analysed. The experimental measurement of
these distributions is of course very challenging because of the presence of undetected
neutrinos, and one would need to further analyse the decay products of the 7 in order
to recover the accessible information.

Said that, and before closing this chapter, some ideas must be stressed. In this
work we analyzed the NP parameter space able to explain the current anomalies in
b — c7v data, i.e. disregarding the possibility that these anomalies could originate in
underestimated systematic uncertainties or statistical fluctuations. As we are all aware,
this field is highly dynamical and probably the particular numeric results of the global
fits performed here become at some point obsolete. However, this statement does not
extend to the main results of this chapter and its preceding Chapter 8. The study
about how NP enters in b — ¢ transitions can be applied to constrain any NP d.o.f.
affecting such processes. Besides, this material can be easily generalized and therefore
applied to other semileptonic decays involving pseudoscalar to pseudoscalar mesons, or

pseudoscalar to vector mesons.






Final remarks

These pages have been added after the thesis was submitted, and have not been
evaluated (and are not pretended to be). However, after the suggestion of some members
of the committee about including some final conclusions, I decided to rather add some
personal thoughts about the results of the thesis and make a global overview. Along
these four years of exploring beyond the Standard Model territories, my impression is
that is hard to find something simpler and more elegant than the SM we already have to
complete our knowledge and still be consistent with experimental data. It seems that,
the more precision and energy range we gain experimentally (more powerful spyglasses
we construct), the further the awaited new physics is pushed away from us. That
is also the impression I get when looking at arXiv every morning. But it should be
there, somewhere! There is undeniably evidence for its existence, and this is indeed a
motivation for the whole community to look for it. But where to look?

The evidence of new physics (the neutrino oscillations, the matter excess in the
evolution of the universe, the existence of dark matter and dark energy, the strong CP
problem, maybe the flavour B anomalies) teaches us a lesson: we should not think
anymore about the SM as a renormalizable and complete theory, but as the lowest
terms of an infinite tower of higher dimensional operators suppressed by subsequent
powers of the scale where new physics becomes relevant. Effective Field Theories are a
magnificent tool to figure out information about the new land everyone is searching for,
but it is as useful as dangerous. It is based on the degrees of freedom available at our
energies (on the material from our home) and follows at least the forces we are familiar

with, although it might respect a larger set of symmetries that we are not aware of.
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The least suppressed and therefore first effect in the EFT expansion that we are
supposed to notice are processes violating the lepton number in two units, for instance,
Majorana neutrino masses. Are neutrino masses a prediction of such expansion?
That was recently pointed out by Steven Weinberg during one of his talks. ® Tt is
not a bijection, but the observation of neutrino oscillations is indeed an encouraging
argument in favour of it. Next dimension of operators predict baryon number violation,
particularly the decay of the proton. Those dangerous interactions would be compatible
with experiment if the scale of new physics is about 10'® GeV, also know as the GUT
scale. Grand unified theories are beautiful candidates to bet on. The evolution of
couplings points there, so does the canonical Type-I seesaw mechanism, the mass of
the axion would fit nicely in such scales too... I personally like these theories because
of their simplicity which translates into a powerful ability for launching predictions.
Without thinking on it twice, they would be the natural bet when contrasting the EFT
expansion built from the symmetries in the SM with experiment. However, it is hard (at
least for me) to admit that the relevant scale for new physics is that far from our energy
reach...

Those were my thoughts before I fell in love with local baryon number. I consider
myself very fortunate for having worked in motivated models able to produce testable
predictions along my PhD, and I have fallen in love with any single work I was involved
in with my collaborators. However, once my supervisor Pavel asked me, Clara, if
you had to make a choice, what theory from those youve worked in would you bet
on? Tt took me three seconds to answer: local baryon number. The fact that by
promoting a symmetry in the Lagrangian that we are already very familiar with, baryon
number, to a local symmetry and sticking to the simplest matter content to making it
consistent with gauge invariance, a Majorana dark matter candidate is naturally predicted
is priceless. The fact that the need of a mass term for the anomalons forces U (1)  to be
spontaneously broken in three units and allows one to understand how baryon number
can be dynamically violated. We may not be observing the proton decay because is
highly suppressed by a huge scale that we will never reach in our lifetimes, but because
it is actually forbidden. Local U(1)p forbbidds the decay of the proton at any order

in theory of perturbations. Let us now allow the DM to annihilate to the SM content

SThis was his talk on September 29 2020 at the All Things EFT seminar.
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or the new scalar in the theory, and surprise! We find that cosmological observations
force the scale of baryon number violation to be, at most, a few TeVs. Is this a problem
with collider searches? Double surprise, there is full of room for a new mediator with a
reasonable large gauge coupling to be discovered at our LHC. The new Higgs has exotic
properties and our current experiments have enough potential to discover it. I mean,
what else do we need to fall in love with such theory?

I previously qualified the EFTs as a useful and a dangerous tool, a double-edged
sword. It allows you to infer elegantly and very smartly information from the distant
new physics, and in my view it is a very proper way to proceed towards the unknown.
However, once you fit your EFT to a certain set of new physics data, how can you
proof which is the new land completing the SM lying behind it? I will rephrase here
some thoughts pointed out by Goran Senjanovi¢ at a recent conference 7 about the
value of having a complete and self-consistent theory as a candidate. Such frameworks,
like SU(5) or U(1)p,1, make correlated predictions about different observables, which
allow these theories to be tested or falsified. In this way, we can make progress towards
dismantle the next theory completing the SM.

New physics might be terribly ugly, hidden in some complicated theory with tens
of representations and a large tensor product of special unitary groups spontaneously
breaking to others, we do not know. I honestly hope that we find new physics in a
shiny island that overwhelms us with its beauty and simplicity. On the meanwhile, I am
convinced we should try harder, learn more from what the SM and the experimental
data we have can teach us from abroad, because undoubtedly what we are observing is

impregnated with the new physics footprints.

"The conference was the Snowmass workshop on 9th July 2020.






A.- Fierz and charge conjugation identities

A.1 Fierz identities involving chiral fermions

— — 1 R R
(WL UR) (W UR) = —*(‘I’lL\Ifﬁg)(\If%\If%)
1 4
— 5 (VLow Vi) (V10" ) (A)
17
4 4 2
(Wi Vi) Yy Yim) = —5 (Vi w¥im) Vi)V Vi) B2
(L7, UF) (U3 0h) = —2(0L0h)(0307) (A3)
(\Ile( R)Th \II (R))( L(R)T \I/L(R)) = (\I’lL(R)'VM\IJ%(R))(\IJ%(R)'VM‘IJ%(R)) A4
(Ulo,, UR) (W3 o Uh) = —6(Wlwh) (03 ud)
L = T3 v
+5 (V0 W) (W0 W) (A5)
(9]0, VR) (T30 7)) = 0 (A.6)

A.2 Charge conjugation identities
Taking into account the properties listed below of the charge conjugation operator,
C = i7972 (in Dirac representation only), CT=C"1=¢T = —C, CT'yuC’ = —’yg,

which acts on a fermion as W¢ = CU7, the following identities can be derived:
i WOP¢C=¢ P,
it WO, Pro“=—¢, PRY,

iiit WCo,,PL¢C=—¢PLo,, 7.
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B.- Gamma lines

B.1 Cross Sections for the Gamma Lines

For relevant interactions for the DM annihilation into gamma lines, which can be
written as
_ e _
£5 =T (" +nl"°) 12} = ————T (gl2" + g51"35 ) [ 2 B
g f (nyy" +ny "y ) FZ, sinewcosewf vt aay s ) fZu, B1)
where f are the charged fermions of the theory interacting with Z’. The annihilation

cross section for the different annihilation channels mediated by the new gauge boson

7' are given by:

¢ Cross section for the xx — ~~ annihilation.

2
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¢ Cross section for the xx — ~Z annihilation:
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2 4,2 2 233 2 2\2
ac. o (d)m (A — M) (Mg — M IS~ sl gl aniic
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(B.4)
¢ Cross section for the xx — ~h annihilation:
"4, 2 2 2
ni« AMz — M,
2 (9) 1 X __h (B.5)

7o =V r6R M2 (4M2 — MZ,)? + T2, M3,
9 2
8M
f X

where the A.C. indicates that the anomaly cancellation conditions have been applied
(see Chapter 2). Here, a = 62/471', 064 = CO(O,Mi,S;Mf,Mf,Mf) is the
Passarino-Veltman loop function as defined in Ref. [446] and n, is the dark matter
charge under U(1)x, and Z’ the corresponding mediator. In order to predict the
cross-sections for these quantum mechanical processes we need to use the interactions

of the new fields required for anomaly cancellation.

B.2 Final State Radiation

The amplitude squared of the processes contributing to the final state radiation can

be written as an expansion on the velocity,
2 ]\4(12 2 4
|M|FSR - MTA +v B + O(U ), (B6)
ZB
where A and B coefficients are given by
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Resum

El Model Estandard és la teoria que utilitzem per a descriure el mén subatomic de les
particules. Consta de tres families de 15 camps Weyl que interaccionen entre ells seguint
un patr6 marcat per les forces de la cromodinamica quantica (QCD), representada per la
simetria SU (3), i la interacci6 feble, representada per SU(2),®U(1)y, on els nombres
quantics de I'dltima corresponen a la hipercarrega. Després que el Higgs, camp que
necessitem per donar-li massa als fermions de la teoria, adquireix un valor d’expectacio,
la simetria es trenca espontaniament, donant pas a l'electrodinamica quantica (QED),
mentre que QCD roman inalterada. Hui en dia és la millor teoria que la comunitat
cientifica disposa, ja que pot explicar un alt percentatge dels fenomens que ocorren a
la natura a nivell microscopic. No obstant aix0, aquesta teoria té també els seus punts
febles; certes evidéncies experimentals queden fora del seu abast, aixi com aspectes
estetics als quals no se'ls pot atorgar una explicacié satisfactoria. Lobjectiu d’aquesta
tesi és esbrinar aquells terrenys desconeguts mitjangant extensions del Model Estandard
que permeten entendre l'existéncia simultania d’aquests al context d'un marc teoric
ben definit. Els models teorics que proposem permeten una perspectiva més completa
de la natura i, a més de ser compatibles amb els experiments, sén simples des d'un
punt de vista minimalista, capacos de donar prediccions, quotes per als parametres
o correlacions entre observables. Sobretot, destaquen per ser falsables, és a dir, amb
prediccions que estan a I'abast dels experiments que disposem en l'actualitat o d’aquells
que es plantegen construir en un futur proxim. A continuacié, enumerem alguns
dels fets experimentals, junt amb altres fets d’'una indole més estética, que posen en

evidéncia les limitacions del Model Estandard:
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* Els neutrins tenen massa. Les simetries locals i el contingut de particules del
Model Estandard no permeten que els neutrins siguen massius. No obstant aixo,
experimentalment s’han observat oscillacions al sabor dels neutrins, fet que implica
que almenys dues generacions de neutrins han de tindre una massa no-degenerada.
A més, aquestes masses son, sorprenentment, de l'ordre de I'eV, és a dir, un mili6 de
voltes més menudes que la massa de l'electr6. Aquestes particules son les Gniques
transparents sota les forces del Model Estandard, i segons com prenen la massa podem
classificar la seua natura com Majorana o Dirac, la qual esta intimament lligada a la
violacio del nimero leptonic. Si aquest Gltim es trenca en dues unitats, els neutrins
seran Majorana, mentre que si el nimero leptonic es conserva o es trenca en un
namero d’unitats major que dos, els neutrins seran Dirac. Si son Majorana, hi ha tres
tipus de mecanismes a nivell arbre que permeten generar un terme de massa per als
neutrins: els mecanismes de balanci del tipus I, II i II; encara que també existeixen
alternatives a nivell quantic que generen un terme de massa comptant amb la supressié
natural dels bucles, com el mecanisme de Zee o el del balanci amb color. Al Capitol 1
hem presentat una breu introduccié a la fisica de neutrins parlant amb detall el que

s’ha comentat en aquest paragraf.

e Asimetria de matéria respecte a Pantimatéria. El Model Estandard no pot explicar
'excés de matéria respecte a 'antimatéria del nostre univers. D’acord amb A. Sakharov,
tres condicions s’han d’acomplir per tal de donar lloc a aquesta asimetria, essent una

d’elles la violacié del nimero barionic.

* Un 25% del nostre univers esta compost de matéria fosca. La velocitat de rotaci6
galictica, entre altres observacions cosmologiques, manifesta I'existéncia d'un excés de
mateéria respecte a l'observada (i esperada) a I'auréola de les galaxies. L'adjectiu “fosca”
ve del fet que, malgrat manifestar interaccions gravitatories, no sembla interaccionar
electromagnéticament, és a dir, és matéria que “estd" perd que no veiem. De la llarga
llista de candidats de matéria fosca, en aquesta tesi ens hem centrat en les particules
massives d’interacci6 feble (WIMPs) i axions. Ambdés candidats s’han presentat al
Capitol 2 d’aquesta tesi. Les primeres son atractives per la seua familiaritat: disposem
de la mecanica quantica de camps, un marc teoric definit per tractar amb interaccions

entre particules, el qual podem aplicar tant a les particules del Model Estandard
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com a qualsevol particula hipotética i de comportament semblant a les anteriors que
puga fer de candidata de matéria fosca. Curiosament, entre un ordre de massa del
GeV-TeV, aquest tipus de particules prediuen I'abundancia de densitat reliquia estimada
experimentalment. Els axions, d’altra banda, sén candidats de matéria fosca altament
no-térmics. A l'inici de I'evoluci6 de I'univers, aquestes particules no tenien massa, ja
que els efectes dels instantons, responsables de donar-li-la, estaven fortament suprimits.
Aleshores, s'esperaria un desaligneament inicial arbitrari respecte a l'angle zero de
I'amplitud del camp axionic. A temperatures proximes a la massa del protd, l'axi6
adquireix massa i comenga a oscillar cap al centre del potencial, és a dir, cap al valor
fixat per la dinamica de QCD: el de zero violacié de CP. La densitat d’energia dissipada a
aquestes oscillacions es comporta com matéria no-relativista sota I'evoluci6 de I'univers,
la qual contribueix a la densitat reliquia i podria explicar la seua existéncia. No obstant
aix0, a part del seu potencial com candidats de matéria fosca, els axions van naixer

com una soluci6 atractiva al problema fort de CP.

Problema fort de CP. Teoricament, QCD prediu violacié de CP proporcional a una fase
provinent de dos origens diferents al seu Lagrangia. Sorprenentment, a l'experiment
no s’ha observat aquest fenomen i els limits experimentals ens diuen que dita fase
hauria de ser l'ordre de 1071, Dit en altres paraules, QCD sembla preservar sense cap
mena d’explicaci6 la simetria CP, fet que es coneix com el problema fort de CP. Aquesta
tensio entre el que u esperaria teoricament i 'experiment, conseqiiéncia del caracter
anomal de les transformacions quirals en preséncia d’'una teoria no-abeliana amb una
estructura del buit no trivial, es pot solucionar afegint una particula pseudoescalar que,
mitjangant una simetria al Lagrangia que es comporte com la quiral en preséncia de
fermions no-massius, permeta compensar, de manera natural (per la mateixa dinamica
de QCD), la contribucié de la fase responsable de la violacié de CP als observables on
participa. La simetria que genera aquestes particules s'anomena Peccei-Quinn (PQ), i
aquestes particules s'anomenen axions. Aquests son bosons pseudo-Goldstone a causa
de la seua xicoteta massa generada per efectes instanténics, la qual és inversament
proporcional a I'escala PQ. Els axions s’han presentat a aquesta tesi a la segona part del
Capitol 2. El mecanisme original enllaga, mitjancant un model de dos doblets de Higgs

i la imposicié d’'una simetria global PQ, I'escala en qué es trenca la simetria PQ amb
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I'escala electrofeble, la qual no és prou pesada per suprimir les interaccions entre l'axi6
i la matéria del Model Estandard i és la raé6 per qué aquest model estd descartat. Es
van proposar alternatives realistiques de la implementaci6 d’aquest mecanisme sota el
nom de models d’axions invisibles, els quals eviten els limits experimentals mitjangant
el desacoblament de l'escala PQ amb l'electrofeble, amb la introduccié d'un escalar
transparent (singlet) a les forces del Model Estandard, podent ser aquesta escala PQ
arbitrariament gran. Segons com aquest desacoblament s'implemente, podem distingir
dos tipus de mecanismes: el mecanisme DFSZ, on aquest singlet escalar que conté
I'axi6 suprimit per l'escala arbitrariament gran interactua amb els quarks indirectament
a partir d'un terme de mescla amb els dos doblets de Higgs al potencial escalar, i el
mecanisme KSVZ, on I'escalar en aquest cas no actua a nivell arbre amb els quarks del
Model Estandard, sin6 amb nous fermions de color la redefinicié dels quals permet,
d’'igual manera, la resolucié del problema fort de CP. La contrapartida és que, en
principi, aquests models no permeten predir la massa de l'axi6 (ja que no prediuen
'escala PQ), donant peu a desenes d'ordres de magnitud a I'espectre de masses on

buscar-los.

Qué ens poden contar les simetries accidentals del Model Estandard? Al Lagrangia
del Model Estandard, a conseqiiéncia de les simetries locals que imposem i donat
el seu contingut de camps, apareixen inesperadament simetries globals relacionades
amb el nimero leptonic (L) i barionic (B) de les particules, les quals es coneixen com
a simetries accidentals, ja que emergeixen per accident a la teoria. Ja hem vist que
el namero leptonic esta intrinsecament relacionat amb la natura dels neutrins. El
ntmero barionic esta relacionat amb el decaiment del proté entre altres, el qual esta
fortament acotat pels resultats experimentals i que, juntament amb la no-observaci6
d’oscillacions de neutrons, la no-observaci6 del fenomen de decaiment doble beta,
o altres fenomens de transicié6 del nimero barionic i leptonic, sembla suggerir que
aquests es conserven, almenys de forma pertorbativa, a la natura. Com a excepcié
de l'anterior estan els instantons (efectes no-pertorbatius) els quals medien processos
altament suprimits a temperatures baixes de trencament de nimero barionic i leptonic
en tres unitats. No obstant aixo, sabem que el Model Estandard no pot ser la teoria

definitiva, i si expressem qualsevol teoria de nova fisica des del punt de vista de
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'escala baixa a partir d'una expansi6 efectiva doperadors, res ens garanteix a priori
que aquestes simetries vagen a ser respectades en preséncia d’aquests nous operadors
no-renormalitzables. I si la rad per que el prot6 no decau és perqué no pot fer-ho?
[ si aquestes simetries accidentals son el remanent d'una versi6 local que ha sigut
trencada (o encara continua vigent) a una certa escala? Abans hem comentat que
un dels ingredients necessaris per a explicar I'asimetria de matéria-antimatéria és la
violacié del nimero barionic. Com mostrem al Capitol 3, la cancellacié d’anomalies a
les teories més senzilles on el nimero leptonic i/o barionic sén promoguts a simetries
locals prediu que aquest s’ha de trencar en tres unitats, predient com a conseqiiéncia
I'estabilitat del proté a tots els ordres en teoria de pertorbacions. A més, aquestes teories
també prediuen un candidat de matéria fosca del tipus WIMP, el qual interacciona amb
les particules del Model Estandard mitjangant el bosé abelia associat a la nova forga.
Aquesta tltima prediccié és també conseqiiencia de la cancellacié d’anomalies, és a
dir, de la propia consisténcia de la teoria, i la seua estabilitat esta garantida per la
simetria remanent després de la ruptura espontania del nimero leptonic i/o barionic.
Al Capitol 4 mostrem que el limit cosmologic de la densitat reliquia es tradueix en una
quota superior per a l'escala de violaci6 del nimero leptonic i/o barionic de l'ordre dels
20 TeVs. Lltim implica que aquestes teories han de viure per davall d’eixa escala, pel
que podem aspirar a accedir-hi, si no ara, en un futur proxim. En el cas del nimero
barionic local, els limits experimentals permeten que aquest trencament espontani de
simetria ocorrega a una escala sorprenentment baixa sense haver-hi de desacoplar la
teoria sota I'elecci6 d'un acoplament de nova forca excessivament menut. El darrer
ens dona esperanga de detectar un bosé leptofobic als collisionadors de particules,
junt amb el Higgs necessari per a trencar espontaniament el nimero barionic (en el
cas del namero leptonic els limits experimentals sén més severs a escales baixes). I
per remarcar la bellesa d’aquestes teories, direm que disposen de nous fermions també
predits per la cancellacié d’anomalies que gaudeixen d’'una interacci6 axial amb el nou
bosé. Aquest fet, junt amb la possibilitat de tindre un candidat de materia fosca del
tipus Majorana predit de forma natural en aquest tipus de teories, permet l'observacio
de linies de fotons, que son senyals genuines de la matéria fosca, l'observacio de les
quals permetria conéixer la massa d’aquesta, com expliquem al Capitol 2. En el cas

que promoguem el nimero leptonic a simetria local, com mostrem al Capitol 5, la
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cancellaci6 d’anomalies prediu I'existéncia de tres neutrins de quiralitat dextrogira, de
manera que automaticament podem formar un terme de massa Dirac al Lagrangia a
través de la interaccié amb el Higgs, igual que la resta de fermions del Model Estandard.
En el cas del nimero leptonic local pur, com que aquest es trenca en tres unitats, els
neutrins sén particules de Dirac. Lexisténcia de particules lleugeres com els nous
neutrins han de ser consistents amb la cosmologia: aquests interaccionen mitjangant
el boso de la forga leptonica amb la resta de matéria, de manera que en algun punt
de l'evoluci6é de l'univers, segons la seua ratio d’'interacci6, es poden haver desacoblat
de la resta del bany térmic, contribuint aleshores a la densitat d’energia. Aquesta
hipotética contribucié es quantifica amb el pardmetre Ny i, a partir de les mesures
cosmologiques, es trasllada en limits sobre la massa del nou bosé. A les teories que
presentem que involucren niimero leptonic total, mostrem que el parametre de fases de
la teoria podria ser falsejat per les projeccions dels futurs limits en Neg. Un poc divers
és el cas en qué promoguem a simetria local la combinacié B-L. En aquest escenari,
a part dels tres neutrins de quiralitat dextrogira que poden adquirir massa a través del
mecanisme de Higgs, cap altre camp es necessita per cancellar anomalies. Com que
B-L és una teoria abeliana, existeix la possibilitat que mai s’haja trencat, ja que el boso
corresponent pot adquirir massa a partir del mecanisme de Stuckelberg. En aquest
context, els neutrins serien particules Dirac i els limits cosmologics de Neg aplicarien
també, igual que en el cas que B-L es trenque en una unitat superior a dos. Tanmateix,
si la simetria es trenca espontaniament en dues unitats, els neutrins serien Majorana,
i la seua massa estaria relacionada amb l'escala de violacié del nimero leptonic. El
mecanisme del balanci de tipus I posa una quota superior a l'escala d’aquesta massa
de lordre de 10'* GeV, la qual queda prou lluny de I'abast dels nostres experiments.
En aquest cas, malgrat que la teoria no prediu de forma natural un candidat de matéria
fosca, si el considerem mitjangant I'addicié d'un parell de camps fermionics singlets
sota el Model Estandard (de natura vectorial), la propia consisténcia de la teoria fixa una
quota superior on podria viure i I'escala del balanci es redueix almenys uns nou ordres
de magnitud, cosa que ens dona la possibilitat de detectar als experiments actuals
senyals de violacid leptonica i la fenomenologia tipica d'un mecanisme de balanci que

ocorre a escales baixes, com per exemple vértex desplacats.



Resum 385

* Per que hi ha tres forces diferents? Les tres semblen convergir a energies altes. ..
Aco ultim suggereix un origen comi d’aquestes a una escala que anomenarem escala
de gran unificaci6. Les teories de gran unificacié (GUTs) ofereixen una perspectiva
molt atractiva i un poder predictiu admirable, malgrat viure usualment a escales altes
i malauradament inaccessibles experimentalment. La teoria més senzilla on el Model
Estandard es pot incloure és SU(5), la qual prediu, entre altres coses, el decaiment
del proté, fet que obliga a 'escala GUT a viure per damunt dels 10'5 GeVs donada
l'agressivitat dels limits experimentals. Aquesta teoria es capag¢ d’agrupar els 15 camps
Weyl del Model Estandard en sols dues representacions i explica la quantitzaci6 de les
carregues eléctriques dels camps del Model Estandard. Malgrat la seua senzillesa, el
model original esta descartat pel seu poder predictiu, particularment per les segiients
raons: no pot predir relacions realistes entre les masses dels fermions (prediu la mateixa
matriu de massa per als leptons carregats que per als quarks tipus baix a lI'escala
de GUT, la qual cosa no permet reproduir els valors experimentals a 'escala baixa);
tampoc és capag de predir els valors correctes dels acoblaments de les forces del Model
Estandard a baixes energies, ni massa per als neutrins. A aquesta tesi, concretament
al Capitol 6, proposem dues de les alternatives renormalitzables més simples que
permeten la resolucié dels tres problemes anteriorment mencionats. En una d’elles,
Zee-SU(5), les masses dels fermions carregats i 'evoluci6 dels acoblaments per tal que
unifiquen a I'escala GUT s’ha aconseguit amb la introduccié de la representacié escalar
45y, la qual també participa, junt amb el singlet carregat de la representacié 10y, a
la generaci6 a nivell bucle de la massa dels neutrins mitjangant el mecanisme de Zee.
Aquesta teoria prediu l'existéncia d’'un doblet de Higgs amb color (a la representacio
adjunta de SU(3).) lleuger, amb una quota superior d'uns 10° GeV. Per una altra
banda, proposem una GUT basada en SU(5) que, a part del contingut original, conté
tres generacions més de fermions de natura vector en la fonamental i antifonamental de
SU(5), 515, i una representacié 24 fermionica, sense ampliar el contingut escalar de
la teoria original i de manera consistent amb la cancellacié d’anomalies. Els nous
fermions en la 5 i 5 permeten assolir masses realistes per als fermions carregats
del Model Estandard mitjangant I'efecte de mescla amb aquests. Per altra banda, el
mecanisme de balanci de tipus I i IIl permet generar massa per a dues generacions de

neutrins, a partir dels nous camps sense color de la 24. També mostrem que aquesta
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teoria disposa d’escenaris consistents amb les condicions d'unificacid. La teoria prediu
un neutri sense massa, un triplet fermionic per sota els 500 TeVs (responsable de
generar la massa dels neutrins a partir del mecanisme de balanci de tipus IIl), i una
quota superior per als canals de decaiment del prot6 que involucren antineutrins d’uns
T(p — K1) <3.4x10% anys i 7(p — 770) < 1.7 x 1034 anys, els quals romanen
prop de les projeccions d’experiments com DUNE, Super- i Hyper-Kamiokande. La
possibilitat de predir una quota superior per al decaiment del proté és conseqiiéncia
que en aquest model la massa dels quarks amunt és simétrica, ja que no ha fet falta

afegir una representacio escalar extra per corregir les masses dels fermions carregats.

A més, una de les qualitats d’aquestes teories és la capacitat de predir la seua escala: els
limits experimentals sobre el decaiment del proté junt amb els limits de collisionadors
de particules (que indirectament actuen sobre l'escala de GUT imposant una quota
inferior sobre la massa del Higgs de color que viu a la 45y, peca clau per satisfer
les condicions d’'unificacid), permeten fixar una finéstra concreta per l'escala de GUT.
Si aprofitem aquesta qualitat i afegim una simetria PQ a SU(5) podem predir la
massa de 'axio! La teoria SU(5) ® U(1)pq permet enllacar els models d’axi¢-invisible
amb l'escala de GUT mitjancant el singlet escalar que viu a la 24y, responsable,
per una banda, de definir I'escala GUT, i per altra, la massa de l'axi6. Al Capitol 7
proposem la teoria basada en SU(5) més senzilla que prediu la massa de l'axié a
través del mecanisme KSVZ, y la corresponent amb el DFSZ. Al context d’aquestes
teories, 'axi6 resulta no ser tan “invisible”, ja que les prediccions per a la seua massa es
troben a I'abast d’experiments d’axions com ABRACADABRA i CASPER. Les prediccions
per a la massa de l'axi6 son mXVZ ~ (2.9 — 13.5) x 1072 eV, i mPF ~

a

(2 — 16) x 10~ eV, al context del mecanisme KSVZ i DFSZ, respectivament.

Altrament (i en particular d'una manera més clara a la teoria que implementa el
mecanisme DFSZ), la teoria prediu una forta correlaci6 entre el decaiment del proté i
la massa de l'axi6, de manera que els experiments de decaiment del prot actuarien
en aquest context com experiments de recerca d’axions. Per tant, experiments com
Super-Kamiokande, Hyper-Kamiokande o DUNE s'afegirien a la llista d“ulls” capagos
de veure els axions predits a aquestes teories. A més, aquestes prediccions permeten

correlacions solides entre la vida mitjana del prot6, la massa de I'axio i la seua interaccio
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amb els fotons i els nucleons. Les quotes per al decaiment del protd predites al context
d’aquestes teories en canals que involucren als antineutrins sén: 7(p — K*o) <

4 x 103" anys, i 7(p — 71v) <2 x 1030 anys.

Aquestes dues propostes basades en SU(5) es poden considerar teories atractives on és
possible entendre la unificacié de les forces del Model Estandard, l'origen de la massa
dels neutrins, la mateéria fosca, el problema fort de CP, i es podria entendre I'asimetria

matéria - antimatéria a través del mecanisme de leptogénesis.

Anomalies relacionades en sabor! Recentment, experiments que estudien transicions
semileptoniques de b a ¢ han suggerit la violacié universal del niimero leptonic en una
direccié comd, la qual cosa entra en conflicte amb les prediccions del Model Estandard.
Al Capitol 9 presentem un ajust global a transicions b a ¢ tenint en compte les dades
experimentals disponibles hui en dia i partint del Hamiltonia de dimensi6-6 més general
sota les segiients assumpcions: la nova fisica entra solament en la tercera generacié
de leptons, hi ha una finestra energética suficientment gran entre I'escala electrofeble
i la nova fisica que assegura la validesa de la teoria efectiva del Model Estandard,
no hi ha graus de llibertat lleugers a part dels del Model Estandard (particularment,
no considerem un neutri de quiralitat dextrogira de massa menuda), i assumim que
els coeficients de Wilson del nostre Hamilonia sén reals. Al Capitol 8 presentem el
marc teoric de teories efectives que ens permet inferir informacié del tipus de nova
fisica a partir de les simetries i graus de llibertat a I'escala baixa. A I'ajust incloem
els valors experimentals dels quocients Rp i Rp+ (disponibles al 2017), aixi com les
distribucions en moment transferit, q2. Els primers son observables molt nets a causa
de les cancellacions que la seua definicié de quocient gaudeix, mentre que les segones
sOn interessants perqué no han sigut considerades en la gran majoria de referéncies a
la literatura i observem que juguen un paper clau en reduir el namero de solucions
de l'ajust global. També considerem l'efecte de la recent mesura sobre la polaritzacié
longitudinal £ " anunciada per Belle a una segona versi6 de l'ajust, la qual cosa ens
permet quantificar el seu impacte mitjangant la comparacié dels resultats d’ambdés.
Observem als resultats que I'ajust, malgrat preferir configuracions de nova fisica respecte
al Model Estandard, no es decanta per una direccié de nova fisica preferent, observacié

que s'accentud quan vam actualitzar els quocients R(D™*)) amb la nova mesura de
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Belle. Si ajustem els coeficients de Wilson per separat, la solucié preferida és, no
obstant, la del coeficient vectorial, el qual és proporcional a la contribucié del Model
Estandard. A més, no es pot trobar un escenari consistent amb totes les mesures
experimentals considerant 1o d’incertesa a les tltimes, independentment de la nova
fisica que es considere. A¢O ens motiva a relaxar les nostres assumpcions inicials
per tal de veure si es podia assolir un panorama consistent amb una teoria més
general. La consideracio de coeficients de Wilson complexes no suposa una millora
notable a la qualitat de I'ajust, mentre que si que implica un augment quantitatiu al
namero de solucions, la qual cosa complica considerablement 'analisi. Permetent que el
trencament de la simetria electrofeble siga no-lineal implica la preséncia d'un coeficient
de Wilson extra al nostre ajust. Aquesta llibertat afegida permet aconseguir escenaris on
els diferents observables son compatibles, pero a costa d’'uns parametres de nova fisica
altament sincronitzats. Si relaxem una altra de les nostres hipotesis inicials i considerem
neutrins lleugers de quiralitat dextrogira, el nombre de coeficients de Wilson a ajustar
es dobla. A aquest altim ajust, també vam incloure el valor experimental de la
. . * . . .
polaritzacié del tau, P”", ja que, malgrat la seua gran incertesa, permet reduir la
nova llibertat introduida a l'ajust. A més, hem particularitzat els resultats per a
diferents escenaris motivats per I'ajust previ i pels possibles camps de nova fisica que
poden mediar interaccions rellevants per a les transicions b a c, tant en neutrins de
quiralitat dextrogira com levogira. Malgrat doblar el nimero de coeficients de Wilson a
ajustar, continuem observant una certa discrepancia entre les prediccions dels diferents
observables que participen en I'ajust tenint en compte 1o de la seua incertesa, la qual
només es resol en un parell d’escenaris molt particulars. Concloem que per a comprovar
si la discrepancia és dorigen teoric (amb les implicacions corresponents al relaxar
cadascuna de les assumpcions) o experimental (implicant 1'altima que les proximes
mesures dels observables involucrant transicions semileptoniques b a ¢ s’aproximaran

eventualment a la predicci6 del Model Estandard) necessitem més estadistica.

Al llarg d’aquesta tesi s’han presentat teories motivades pel fet de donar maultiple
resposta als problemes oberts del Model Estandard. Hem explorat la interconnexié
de diferents camps dins la fisica de particules, sempre buscant el marc més senzill

que pot descriure de manera satisfactoria ambdos i explotar les conseqgiiéncies de les
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connexions entre aquests. Les extensions del Model Estandard que hem proposat a
aquesta tesi tenen en comu la seua capacitat predictiva: la seua estructura ben definida
i completa permet llancar prediccions correlacionades entre els seus observables que,
per una banda, exposen la teoria a ser falsada per I'experiment en un futur proxim, i

per altra, permeten progressar cap a una teoria que complete el Model Estandard.
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