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Abstract

Flavour Physics is a a sector of physics able to test the Standard Model of elementary particles with
extreme precision. In fact, in the past fifty years lots of theoretical predictions of SM parameters and
Flavour observables have been found to perfectly agree with the experiments. At present, however, this
does not seem to be true in two fundamental cases, both related to semileptonic flavour transitions.
On the one hand, the inclusive and exclusive determinations of the Cabibbo-Kobayashi-Maskawa
parameter |Vg| are in tension with each other. This fact is often referred to as the |V| puzzle. On
the other hand, a non-negligible discrepancy holds beteween the expectations and the measurements
of the so-called Flavour Anomalies R(D™)) and R(K™)), which are the 7/u and the j/¢ ratios of the
branching fractions of the semileptonic B — D™ (v and B — K® (¢~ decays, respectively.

In this Thesis we will firstly describe a novel, non-perturbative and model-independent approach,
i.e. the Dispersive Matrix method, to describe the hadronic Form Factors entering in the semileptonic
charged-current B decays. Our most important findings are that both the |V| puzzle and the R(D*)
anomalies are strongly lightened by applying the Dispersive Matrix method to the B — D*/v decays,
as will be described in Part [l In particular, for what concerns the CKM matrix element, this is in
complete agreement with the indirect UTfit prediction for |V .

Then, we will extend the discussion to the analysis of Beyond the Standard Model effects in Flavour
Physics, mainly motivated by the strong and still remaining R(K (*)) anomalies. In particular, in Part
[[T] we will show the impact of several flavour observables on two explicit models, the Composite Higgs
scenarios and the LeptoQuarks ones. A fundamental link exists between this Part and the previous
one since, as we will explicitly appreciate, in the Beyond the Standard Model studies the Standard
Model parameters are directly involved, thus the most precise are the theoretical estimates of these
parameters, the strongest will be the bounds on the New Physics effects eventually affecting the flavour
sector.

In the last Part, we will move to the study of the phenomenology of Dark Matter. Without any
doubt, explaining the origin of the Dark Matter abundance is, at present, one of the most important
and intriguing challenges of theoretical physics. In Part [[II] we will firstly analyze the proofs of the
existence of Dark Matter and then we will describe in detail the Weakly Interacting Massive Particle
scenario. We will then show how Dark Matter and the Flavour problem can be related. To this end, we
will study another model involving the thermal decays of Dark Matter. It assumes the existence of a
precise flavour structure and the introduction of the LeptoQuarks, previously described in the context
of Flavour Physics, in order to generate interactions between the Dark Matter and the Standard Model
particles. As we will see in detail, both these scenarios will allow us to explain the observed value of
the Dark Matter abundance.

This thesis is based on the work contained in the papers [1-12].
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Chapter 1

Introduction

The Standard Model of particle physics is the fundamental theory of ElectroWeak and Strong in-
teractions. It has allowed people in the past fifty years to develop a huge series of predictions with
extraordinary precision, being in complete agreement with the experiments. However, the Standard
Model has to be considered an Effective Field Theory which is valid only at low energies, i.e. below a
certain energy cutoff. In fact, there exist several issues, which we are going to divide into two distinct
categories, which do not find a clear explanation in this framework. On the one hand, we have several
experimental evidences of phenomena not described by the Standard Model, namely the existence of
Dark Matter in the Universe, the observed asymmetry between baryons and anti-baryons and finally
the problem of the non-vanishing neutrino mass. On the other hand, there are many theoretical
arguments that call for an extension of the Standard Model, i.e. the non-inclusion of gravitational
interactions in the Standard Model, the absence of a precise justification of the equality in magnitude
of proton and electron charges and then the problem of Naturalness, related to the observed Higgs
mass.

For all these reasons, at present there is a constant effort to look for and study possible extensions
of the Standard Model, namely Beyond the Standard Model scenarios, both on the experimental side
and on the theoretical one. The final goal of these efforts is thus to find an UltraViolet completion of
the Standard Model, i.e. a more fundamental theory in which we recover the Standard Model itself
at low energies. In other words, we can think of the Standard Model as a particular case of a more
general theory of Nature, in which in principle new interactions and new particles may emerge at high
energies.

Experimental data plays a fundamental role in this game, since they indicate the places where, in
principle, New Physics effects can emerge. In this sense, without any doubt one of the most interesting
fields to be investigated is Flavour Physics. Precision measurements of flavour observables allow and
will constantly allow us not only to test many properties of the Standard Model, say for instance the
unitarity of the Cabibbo-Kobayashi-Maskawa matrix, but at the same time to find possible deviations
with respect to the theoretical predictions within the Standard Model. Any such discrepancy, in fact,
can be read as a potential and clear hint of New Physics affecting low-energy processes.

In the last twenty years an increasing amount of attention has been addressed to B physics, which
studies the properties of B mesons and that will be enriched by new measurements of extraordinary
precision in the next decades. In this Thesis, we will first of all focus our attention on the semilep-
tonic charged-current B decays, with particular attention given to the B — D®)fv decays. These
processes are of capital importance since they allow to extract the Standard Model parameters from
experimental data with high precision and, at the same time, to test possible New Physics effects. In
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fact, two phenomenological problems have arisen in the recent years. On the one hand, two differ-
ent measurements of the Cabibbo-Kobayashi-Maskawa matrix element |V,| — the exclusive and the
inclusive determinations — are in tension with each other. This issue is the so-called |V | puzzle. On
the other hand, these b — ¢ transitions can give evidence to the existence of Lepton Flavour Univer-
sality Violation effects, since the theoretical estimates and the measurements of the 7/ ratios of the
branching fractions of these decays are in tension to each other.

As it is valid for all the semileptonic charged-current decays of mesons and hadrons, a central role
in the theoretical estimate of the decay widths is played by the hadronic Form Factors, which encode
all the informations about the strong dynamics of the quarks and are only functions of the momentum
transfer. The question is: can the way in which these functions are parametrized be the cause of the
aforementioned tensions? This will be the topic of the first Part of this Thesis, in which we will present
a novel, non-perturbative and completely model-independent way to describe the Form Factors in the
whole kinematical range, by using the results of the available Lattice Quantum-ChromoDynamics
computations. We anticipate that our strategy allows us to lighten both the |V| puzzle and the
Lepton Flavour Universality Violation problem with respect to previous studies present in literature.

The B — D® /v decays, however, are not the only processes characterized by tensions between
theory and experiments. A possible way to explain this kind of discrepancies, when present, is to
assume the existence of New Physics effects. In this case, one can pursue two different approaches,
i.e. to study Flavour Physics under an Effective Field Theory approach, which is completely model-
independent, or through explicit New Physics models. The central question is whether some type of
Beyond the Standard Model physics at the TeV scale can or cannot accomodate the existing tensions
in the flavour sector.

This will be the topic of the second Part of this Thesis, which will thus face Flavour Physics
from a Beyond the Standard Model point of view. In fact, we will describe the New Physics effects
that all the possible flavour operators, which may arise in an extension of the Standard Model, can
induce on low-energy processes in Flavour Physics. We will consider many AB = 1, 2 transitions, for
instance radiative B decays and B — B mixings, in order to compute the most important experimental
constraints on New Physics coming from flavour observables. Furthermore, our findings will be applied
to specific Beyond the Standard Model scenarios, such as the Composite Higgs one, and we will also
investigate the flavour structure that these models can have. Let us finally highlight that, as it will be
repeated several times throughout this work, the first and the second Parts of this Thesis are deeply
related to each other. In fact, the more precise are the theoretical estimates of the Standard Model
parameters (which is the goal of each precision physics study), the more stringent will be the bounds
on New Physics affecting the flavour sector.

Note that this kind of theoretical studies is of capital importance in view of the incredible improve-
ment in luminosities expected at future colliders. To make one example, the European community has
developed a Future Circular Collider (FCC) programme [13-16], in accordance to the scientific strat-
egy promoted by CERN, which consists both in a luminosity-frontier highest-energy lepton collider
and in an energy-frontier hadron collider to be built in the next decades. What will be the physics
opportunities of FCC? It will allow to uniquely study the properties of the ElectroWeak gauge bosons
and the Higgs field and to develop a series of precision measurements sensitive to tiny deviations from
the Standard Model. Moreover, FCC will give us the possibility to observe new particles with an
extension in energy with respect to LHC by a factor of ~ 6. Fundamental examples are offered by
Composite Higgs and Supersymmetric models, where for instance the gluinos will be discovered up to
masses of close to 20 TeV and the vector modes in CH models up to masses close to 40 TeV. Summary
plots for these scenarios are given in Figure Note that this example is clearly not exhaustive, since
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Figure 1.1: On the left side, current LHC and projected future High Luminosity LHC and FCC direct
discovery reaches for heavy composite vector resonances decaying to dileptons or gauge boson pairs
are shown. ¢ is defined as the ratio of the Higgs vacuum expectation value and the compositeness

scale. On the right side, direct FCC-hh 20 and 50 discovery reach for the supersymmetric sparticles
are shown. Taken from .

many other examples of New Physics degrees of freedom, i.e. axions, sterile neutrinos and Z / gauge
bosons, result to be affected by the direct discovery potential of FCC. Thus, for all these reasons we
will investigate which will be the reach on NP coming from the future experiments in Flavour Physics
and we will compare them with the prospects coming from these colliders.

A second fundamental challenge of particle physics, that also calls for an extension of the Standard
Model as mentioned before, is the explanation of the observed abundance of Dark Matter in our
Universe. In fact, while the existence of Dark Matter is a matter of fact, since it is confirmed by
several astrophysical and cosmological probes, its nature is not clear. At present, the main hypotheses
are that Dark Matter has an elementary or an extended nature.

In the third and last Part of this Thesis, we will investigate in detail the first possibility, which has
attracted an incredible amount of attention from the experimental point of view in the development of
direct and indirect searches for Dark Matter particles. We will firstly focus on one of the main attractive
models proposed over the past decades, i.e. the Weakly Interacting Massive Particle (WIMP) scenario,
which is able to reproduce the abundance of Dark Matter assuming its mass at the O(TeV) scale. We
will try to close definitively the window on the WIMP paradigm by updating theoretical computations
of their thermal masses and investigating the discovery potential of future experiments. Second, we will
attempt a connection with the previous Parts of the Thesis, investigating possible relations between
Dark Matter phenomenology and specific models of Flavour Physics. In this sense, we will propose
a new model based on the thermal decays of Dark Matter, which is particularly intriguing since, as
we will show, can be related to LeptoQuarks, new heavy degrees of freedom coupled to quarks and
leptons which could have a central role in Beyond the Standard Model scenarios of flavour processes.
The model of thermal decays constitutes a fundamental link between the study of Dark Matter and
the one of Flavour Physics inside this Thesis, giving thus rise to an overall organic structure.

Among the various experimental strategies to look for Dark Matter particles, direct production at
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Figure 1.2: The 95% confidence level mass reach [17] for several Beyond the Standard Model particles,

expected at the High Luminosity LHC (solid bars) and at the FCC proton-proton machine (shaded

bars), is shown. This plot is taken from [9]. The potential discovery reach of a muon collider with
center of mass energies equal to 10, 14 and 30 TeV are reported as horizontal lines.

colliders is one of the most important ones and will be deeply studied. In this Thesis, we will give
particular emphasis to muon colliders [9], which are another example of the central role that future
colliders will have to give a new insight on theoretical physics studies in the following decades. The
muon collider strategy has to be considered as complementary to the FCC one. The fundamental idea
is that muons can be made to collide in a compact ring without limitations coming from synchrotron
radiation, while they are at the same time elementary and point-like particles. Thus, the center
of mass collision energy can be entirely used to give rise to high-energy processes. Muon colliders
are particularly effective in detecting ElectroWeak signals expected for purely ElectroWeak charged
states. Figure which is somehow complementary to Figure shows this in detail. Here, the
projected High Luminosity LHC mass reach and the 100 TeV FCC proton-proton collider one on
several Beyond the Standard Model states are reported. Composite Higgs fermionic top-partners
T and supersymmetric particles have been considered and, for each particle, the highest possible
mass reach is reported. Note that the muon collider reach, displayed as horizontal lines for center of
mass energies equal to 10, 14 and 30 TeV, exceeds the one of FCC for several Beyond the Standard
Model candidates. A very similar example in this sense is then offered by the Weakly Interacting
Massive Particles. They are perfect targets for experimental studies at muon colliders, given the
pure ElectroWeak signals produced by their interactions. We will thus discuss about the important
interplay existing between Dark Matter phenomenology and Collider Physics.

So, to summarize, the Thesis is organized as follows. In the first Part we will firstly investigate
exclusive semileptonic B decays within the Standard Model. Then, we will extend the discussion
to a more general perspective on Flavour Physics beyond the Standard Model in the second Part,
analysing the relevant AF = 1,2 transitions both in a model-independent and in a model-dependent
way. Finally, in the last Part we will focus on Dark Matter phenomenology and we will look for
possible connections with Flavour Physics in the context of New Physics scenarios.



Chapter 2

The Standard Model and its flavour
structure

The Standard Model (SM) of elementary particles describes three of the four fundamental forces exist-
ing in Nature, i.e. the strong, the weak and the electromagnetic interactions. It has been successfully
tested during the past seventy years, since its theoretical predictions have been confirmed to an ex-
traordinary level of precision and accuracy by the quasi-totality of the experiments. In this Section we
will mainly review the flavour structure of the SM, specializing then the discussion on the fundamen-
tals of the theory of ElectroWeak (EW) interactions. In this sense, the mechanism of production of the
fermion masses will be presented, as well as the physical origin of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix and its impact on the Unitarity Triangle. Finally, we will show also the main physical
properties and peculiarities of the Higgs boson.

2.1 The SM Lagrangian

The SM is characterized by a SU(3) x SU(2) x U(1) symmetry group and the general expression of
its renormalizable Lagrangian can be written as

LSM:LQ+Lf+LH+£y, (2.1)

where we have defined the following four Lagrangian substructures:

1 a yauy 1 b buv 1 v
Ly = —JGLG™ = JW, W — — By, B, (2.2)
Ly = zf:wfipgf)wﬁf, (2.3)
Ly = (DumH) (Dl H) = V(H), (2.4)
Ly = YUQuupH®+YiQLdWH + YLt H. (2.5)

Eq. (2.2) contains the gauge interactions. G, W, and By, are the field strength tensors for the
SU(3), SU(2) and U(1) symmetry groups, respectively, and can be expressed in terms of the single
gauge fields as

.

GZIJ Ougy, — 31/9,3 + gsngU(3)gZLgch7

wb, = awt—a,w’ bab Wowp
w = OuWy =W+ g2 [y Wi Wy,

5
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By, = 0,B,—0,B,.

a,j,k=1,---,8and b, a, 8 = 1,2, 3 represent, respectively, the indices in the adjoint representations
of SU(3) and SU(2), whose structure constants are labeled as fgy(3) and fsy2). Then, Eq.
represents all the fermions present in the SM, namely three generations of quarks and leptons. To be
more specific, f = {Q%,ul, d%, L), ¢} (i is the generation index), where the QY represent the left-
handed SU(2) quark doublets, the u}é the d’]é are the right-handed up-type and down-type quarks, the
L% represent the left-handed SU(2) lepton doublets and finally the Elé are right-handed leptons. We

have also defined the covariant derivative Dé‘ n= O — igegraToU) — jgoWHTUS) — g1 Y (D BH where

7o) and T') are the SU(3) and SU(2) generators in the representation chosen for the fermion 1
and YY) is its hypercharge. Eq. describes the Higgs boson H, which is a scalar SU(2) doublet
with unit hypercharge. Thus, the covariant derivative here reads DE‘ ) = oM —igaWHiTt /2 —igi BH /2,
where 7% (i = 1,2,3) are the Pauli matrices. V(H) represents the Higgs potential, whose explicit
expression can be found in the following Section. Finally, Eq. describes the Yukawa interactions,
where we have introduced the Yukawa matrices Yf;, Yg, Yzi and we have defined H® = ioc?H*.

Since it will be of fundamental importance in this Thesis, let us focus our attention on the flavour
quantum numbers of the fields involved in the SM Lagrangian (2.1)). The fermion part , the
Higgs one (2.4) and the gauge one are invariant under a global U(3)g, X U(3)u, X U(3)4, X
U(3)r, x U(3)¢, symmetry group, often referred to as U(3)® symmetry group. This is not true for the
Yukawa terms . In fact, focusing for instance on the quark case, the Yukawa couplings break the
UB)g, X UB)uy X U(3)ay, = U(3)? group to the U(1)p one, which corresponds to the conservation
of the baryonic number B.

2.2 ElectroWeak Interactions in the Standard Model

In this Section we will review the main properties of the ElectroWeak (EW) interactions within the
SM. In particular, we will investigate the phenomenon of ElectroWeak Symmetry Breaking (EWSB),
which is responsible for giving mass to SM fermions. In what follows, we will specialize our discussion
only on the quark sector. We will also mention the origin and the physical meaning of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix.

2.2.1 Quark mixing and mass terms

In the previous Section [2.1] we have reviewed the matter content of the SM. A brief summary of the
SM fermions can be found in Table where we have specified their quantum numbers under the
SM SU(3) x SU(2) x U(1) symmetry group. Note that the hypercharge ¥ can be found through the
simple relation

Y
= — I
Q 2 + 13,

where (@ is the electric charge of a given particle and I3 is the third component of the weak isospin.

It is clear from Table that the quantum numbers of the quarks through the three generations
are exactly the same. In fact, the physical property that allows us to distinguish them one from
another is the mass. The Particle Data Group [18] quotes the following values:

m, = 2.167052 MeV, m, =1.27+0.02GeV, m; = 172.76 + 0.30 GeV,

mg = 4.6770 15 MeV, mg =937 MeV, my, = 4.187)03 GeV.



2.2. ELECTROWEAK INTERACTIONS IN THE STANDARD MODEL 7

] | SUB) [ SU(2) | UQ) |

Q.| 3 2 [ +1/6
up | 3 1 | +2/3
dp | 3 1 -1/3
L | 1 2 -1/2
lr 1 1 1

Table 2.1: Quantum numbers of the SM fermions.

The u-, d- and s-quark masses are estimated in the MS scheme at a scale y =~ 2 GeV, while the c- and
the b-quark masses are the “running” masses in the same scheme [18]. Moreover, note that the value
of the top mass is based on published direct measurements.

But how are these masses generated within the SM? The answer to this question is given by the
so-called Brout-Englert-Higgs mechanism [19-21]. We start from the Higgs field H, which has been
introduced in Eq. . We recall that the Higgs is a scalar weak isospin doublet with hypercharge

Y =1, which can be written as
1 +1mo
o+ miie
H= < ¢0 = v+3/—gi7r3 . (26)
V2

The complex fields ¢ and ¢ are the two components of the isospin doublet and can be expressed in
terms of the real fields o and 7@ = (71, w2, m3). In Eq. (2.6) we have made explicit the Higgs expectation
value v ~ 246 GeV at the minimum of the potential

VH=—’L2HTH éHTH2 2.7
(H) = 5 +4!( )° (2.7)

In this way, o and 7 have a precise physical meaning: they represent the fluctuations of the field
around this stationary point. Finally, by using the expression ([2.6)) we can re-write the weak isospin
doublet H. (appearing in Eq. (2.5)), which has hypercharge ¥ = —1, as

0 vto—imy
H. = (zUZ)H* = ( ib¢+ ) = ( _71'\1/\%271'2 ) ) (28)
2

At this point, the EWSB allows us to give mass to the quarks. To see this, it is sufficient to set
o =7 =0 (keeping only v # 0) and then re-express the Yukawa Lagrangian terms ({2.5)) as

Ly = m%ﬂiuﬁ + mgj ﬁLd% +h.c. (2.9)

The mass matrices mg; and m?j will be, in general, non-diagonal. One can show that, however, we

can diagonalize a generic matrix A by using two unitary matrices. Hence, the diagonal form Agjag is
related to the original one A through the relation
Aging = U} AUR (2.10)

where the unitarity matrices Uy, and Up respect by definition the relations

ULUl =1, UgrUL =1.
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Furthermore, one can also isolate all the phases eventually present in Agjse in order to make it a
real matrix with all the eigenvalues positive-definite. This simple argument allows us to obtain the
physical masses of the up-type and down-type quarks of each of the three generations through the

diagonalization of the mass matrices my; and mglj, namely
w, u, ufrrut ut, urrt __ u 2
Urm*m*"U" = Upm"'m"Up = (Miag) (2.11)
Upm Up = m,. (2.12)

Analogous equations hold in the down-type quark sector.

2.2.2 The Cabibbo-Kobayashi-Maskawa matrix

The unitarity transformations induced by the matrices Uéu’d} and U}{%u’d} have a precise impact on the
quark fields. In particular, they allow us to define a mass eigenstate basis where

ir,r=Uf gurr, dpr=Uf rdr R (2.13)

The important feature of these transformations is that they rotate quarks with different electric charges
and with different chiralities in different ways. Note that, for the left-handed fermions, we can re-
express the above transformations as

ir, = VormUlur, dp = Uldy, (2.14)

where we have introduced the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix [22,[23] in the
following way
Voran = URUS. (2.15)

The physical meaning of the CKM matrix is clear from Eq. (2.15): it describes quark mizing in
EW interactions. For this reason, the usual way to write it is

Vud Vus Vub
Vekm = Vea Ves Voo |- (2.16)
Vie Vis Vw

Clearly, the dimension of this matrix depends on the number of existing quark generations and it can
be described by four different parameters. This last point can be understood through the following
argument. In the most general situation of a NxN unitary matrix, we have N (NN — 1)/2 Euler angles
and N2 — N(N —1)/2 — (2N — 1) independent phases. Setting N = 3, we are left with three Euler
angles, that we will call #12, 613 and 63, and one independent phase, which will be denoted as §.
Thus, an alternative parametrization of the matrix is

C12C13 ' S12C13 ‘ Spze™®
Vexnr = | —S512C23 — 0125135232“5 C12C93 — 5125135236@ S23C"13 (2.17)
S19S593 — C12513C23€®  —C12893 — S12513C23e™  Co3Chs

where we have defined C1o = cosfia, S12 = sinfio and so analogously for the other couples of
subscripts. This formulation, often called the standard parametrization, emphazises that the CKM
matrix is very similar to the identity one. In fact, the Euler angles have been experimentally measured
and they have low values. From a mathematical point of view, the limit of zero angles brings exactly
to Voxym = 1. As suggested by the presence of the phase 4, the 3x3 CKM matrix is in general
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complex. In particular, if § # 0 there is a violation of C'P symmetry in EW interactions. In fact, one
can verify this statement by applying a C'P transformation on the mass terms in Eq. before the
quark rotations —. CP invariance is preserved only if the mass matrix is real. In this way,
we have transferred the criterion for C'P violation from the mass matrix to the CKM matrix.

Another possible way to describe the CKM matrix is offered by the so-called Wolfenstein parametriza-
tion [24]. The physical hint at the basis of this alternative formulation is that, since S13 < Sa3 <
S12 < 1, it is reasonable to develop a perturbative expansion in powers of Sis. To be more specific,
we introduce four new parameters A, A, n and p, defined as

A = S12 ~ Vus,
AN = Sy~ Vi,
AN(p—in) = Sh3e” ~ Vi,

where the last relation holds for small 6. By putting all the ingredients together, we have the new

form
1—A2)/2 A AX3(p —in)
Vokm = -2 1—X2/2 AN? + O\, (2.18)
AN —p—in) —AN? 1

from which it is now evident that C'P non-conservation is condensed in the terms of order A3 or higher.
In conclusion, we can also consider higher order corrections in Eq.(2.18)). By way of example, including
terms O(\®) we obtain the expression

1—22/2-)1/8 A+ O(XT) AX3(p —in)
Verm = | =AM+ A200[1 —2(p+1in)]/2 1—X2/2 =X} (1+4A42)/8  AN? +0O(\®) (2.19)
AN3(1 — p —in) —AN + ANY1 = 2(p+in)]/2 1— A%N1)2

where p and 7 are slightly modified versions of the Wolfenstein parameters p and n and are related to

them through the relations
_ 1 _ 1
p= (1 — 2/\2) p, = (1 — 2/\2> n. (2.20)

2.2.3 The Unitarity Triangle

The unitarity of the CKM matrix (namely V(E s Verm = I) allows us to write down several orthog-
onality relations. Recalling Eq. (2.16[), an example is offered by the relation

VorVud + Vi Vea + VigVia = 0. (2.21)
As the CKM matrix is in general complex, this expression can be interpreted as the sum of three
vectors in the (p,77) complex plane. These vectors can be mapped in a triangle. The sides, the angles
and also the area of the this triangle are physical quantities at all the effects, since their are invariant
under an arbitrary change of phases of the quark fields.

To be more specific, the angles are defined in the following way:

o = arg[—%qubVJth’g] = arg(fQubtd), (2.22)
B = arg[-VeaVasVVigl = arg(—Qibea), (2.23)
v = arg[-VuaVa Vi Veal = arg(—Qcbua)- (2.24)
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A=(p,n)

Figure 2.1: The unitarity triangle 1'

The quartets @,isj are rephasing invariant quantities, defined as
QPiUJ - V VO’]V;;;V;Z’ p 7é g, i 7£ ] (225)

The above angles, which satisfy the simple relation o+ 3+~ = m, allows us to write down the equation
of the unitarity triangle by taking the relation (2.21)) and dividing it by the V.4V} term, obtaining
VudVy,  VidVy,

— ub _ = Ry + Rie P =1~ (p+in 1—p—in). 2.26
VeV ViV ve'’ + Rie (p+in) + (1 —p—in) (2.26)

The graphical representation of the triangle can be found in Figure Note that in the previous
expression we have also defined the quantities

udV ViaVi, — —
= = VP2 R, = =@ =p2+

Finally, the area is directly related to C'P violation in EW decays. First of all, recalling Eq.(2.21]),
we can multiply this expression by V;V, and, then, take the imaginary parts. In this way we obtain
that

Im Qudgepr = —Im Qeprg-

Considering all the orthogonality relations, we find also that the imaginary parts of all the quartets are
equal, up to a sign. Thus, in the Standard Model |Im @ | gives the strenght of C'P violation. Secondly,
we are interested in computing the area Aa of the unitarity triangle in Figure As the height h of
this triangle is given by

h = |VyqVy | siny,
we have that

V. xh 1
4’ 2b| *|Im Qudeb |- (2.27)

Thus, since all the |[Im @ | are equal, all the unitarity triangles have the same area. Moreover, their
area is a precise and quantitative test of C'P non-conservation in EW decays.

Ap =
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2.2.4 Masses of the gauge bosons and weak interactions after EWSB

As explained before, EWSB is realized by setting 0 = @ = 0 (keeping only v # 0) in Egs.
and . In addition to the fermion masses, EWSB allows us to give masses to the gauge bosons.
By expanding the covariant derivatives in the Higgs Lagrangian , one can demonstrate that the
expressions of the W* and Z bosons read

92’02

4 )

2
My

miy = m3 = (2.28)

cos20,,’

where we have introduced the weak mixing angle 6,,, whose sine and cosine can be expressed as

cos B, = 92

VA +a Vot +g3

After the EWSB previously discussed, we can also write down the following interaction terms in
the Lagrangian:

sin 6, =

92

V2

where the electro-magnetic, the neutral and the charged currents are defined as

Lint -

- g2
(W—W‘]uvcharged +W MJZH':harged) — g1 cos O A" J mn — cos Oy Z" Jymeutral - (2:29)

T = D Qef"fis (2.30)
7

Tl el = D [(Isy — Qpsin® Ow) fiy" i — Qg sin® 0w Fiy" fi) | (2.31)
7

Jéﬁarged ﬂZLVCl’JKMry#dJL + 172’7u€i ) (2.32)

respectively. Note that in the above Equations the quark fields are described in the basis of the mass
eigenstates .

In conclusion, in Eq. a key feature of the SM emerges: while the weak neutral currents are
invariant under the transformations defined in Eq. , the weak charged ones are modified by the
rotations induced by the unitarity matrices Uy, and Ug. In fact, these interactions couple quarks with
different electric charges. Thus, the Flavour Changing Charged Currents (FCCCs) are proportional
to the CKM matrix and are generated at tree-level, while the Flavour Changing Neutral Currents
(FCNCs) are present only at loop level.

2.3 The properties and the misteries of the Higgs boson

As clear from the previous Sections, the Higgs boson, defined in Eq. , has a central role in the
SM since it gives masses to the elementary particles through the EWSB. In the summer of 2012, an
extraordinary discovery for High Energy Physics has been achieved: a new scalar particle with the
mass of 125 GeV has been observed for the first time at LHC [25,[26]. This was precisely the Higgs
boson. From the theoretical point of view, this has determined the triumph of the Brout-Englert-Higgs
mechanism of the mass generation of the SM particles. At the same time, this discovery has given rise
to one of the fundamental problems of the SM, i.e. the Naturalness issue or hierarchy problem.

A naive explanation of this problem is offered by an Effective Field Theory (EFT) approach to the
SM, that will be reviewed in depth in the following Chapter for its application to Flavour Physics.
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The basic idea is that the SM is an effective theory of Nature, valid only at infrared (IR) energies. A
more general theory of Nature, which is identical to the SM in the limit of low energies, thus exists.
From the formal point of view, after having defined an ultraviolet (UV) energy scale as Ayy (i.e. the
energy scale at which new particles/interactions arise), we can then express the SM Lagrangian as

Lomer = Y Cihiy"0s, (2.33)

where each SM operator O; has dimension d; and is accompanied by a specific Wilson Coefficient
(WC) C;. The Higgs mass term, that we have written in the r.h.s. of Eq. , is the only operator in
the SM having dimension 2. Hence, from an EFT point of view it will be enhanced by a factor A%v.
Since the experiments tell us that the Higgs mass is 125 GeV, if the UV scale is very high the only
way to recover the measured value is to impose a very small WC. In order words, a non-negligible fine
tuning emerges. To be more specific with numbers, we would have to require C' ~ 10728 for Ayy equal
to the Grand Unification Theory (GUT) scale, namely Ayy ~ 10'® GeV. This issue is also referred to
as the radiative instability of the Higgs.

Figure 2.2: The SM loops contributing to the Higgs boson mass.

There is an alternative way to approach the problem of the radiative instability of the Higgs, that
we are going to briefly mention. As we have explained in the previous Sections, EWSB is necessary
to give a mass to the SM particles since the mass terms for these degrees of freedom are forbidden
by the SM SU(2) x U(1) symmetry. For this reason, the masses of both fermions and vectors are
proportional to the Higgs expectation value v ~ 246 GeV, since they have to vanish if we recover the
SU(2) x U(1) symmetry. This proportionality holds also at loop-level since it comes from a symmetry
argument, thus we can state that all the SM masses are protected from hypothetical uncontrolled
radiative corrections. This argument is not true for the Higgs boson, which is the only scalar particle
of the SM and has no symmetry protecting its mass term from being large. In other words, the Higgs
mass is subject to radiative corrections which are proportional to the masses of the particles inside the
loops. At this point, note that in the SM the only one-loop contributions to the Higgs mass are the
ones in Figure However, if new heavy degrees of freedom arise at an UV scale Ayy, new diagrams
will appear in addition to the SM ones. Following a Renormalization Group (RG) argument, one can
demonstrate that a precise relation exists between the SM Higgs mass and the Higgs mass at the scale
Ayv, namely

mi (A1r) ~ mj (Auy) — KAy log R‘g] : (2.34)
where Ag is the typical low energy scale at which the SM is the correct theory of Nature and « is
an appropriate numerical factor that comes from the RG equations. Also in this formulation a non-
negligible fine tuning arises, since, if the UV scale is very high, a very precise cancellation among the
two terms in the r.h.s. of Eq. is needed in order to obtain the measured Higgs mass.
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In order to solve the hierarchy problem, one has to invoke the existence of New Physics (NP) effects
arising at the TeV scale. The NP models of interest can be either weakly or strongly coupled. On
the one hand, the major example of the first kind of scenarios is, without any doubt, Supersymmetry
(SUSY). In this case, the loop quadratic divergences will be zero thanks to the presence of the sparticle
loops. Thus, no radiative instability is present in this case. On the other hand, another possible
solution, belonging to the second class of NP models, is offered by Composite Higgs (CH) theories. In
this case, the assumption is that the Higgs boson is not an elementary field, but instead a composite
bound state of a new strongly interacting sector. Since it is a bound state, in this case the Higgs will
not be sensitive to UV effects, thus being free of the radiative instability problem. The CH scenarios
will be more deeply investigated in Part [[I] of this Thesis. To conclude, note that in both these
examples, a symmetry has been introduced - supersymmetry, and the shift symmetry of Goldstone
bosons - that protects the Higgs mass term from radiative corrections.
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Chapter 3

The role of the Form Factors in
B — D¥)¢y decays

In this Part, we will analyze in detail the semileptonic decays of the B mesons i.e. transitions whose
final states are characterized by the presence of both leptons and hadrons. We will focus our attention
on the FCCC processes, which, as explained in Chapter [2, are proportional to and thus offer the
opportunity to determine the CKM matrix elements, which are free parameters of the SM. In this
Chapter, we will focus on the heavy-to-heavy semileptonic B meson decays, namely B — D®) ¢y
transitions (where ¢ denotes a generic lepton). In particular, we will illustrate the state-of-the-art and
the central role of the hadronic Form Factors for phenomenology. Moreover, we will introduce and
deeply describe a new method to describe them in the whole kinematical range.

3.1 The |V,| puzzle and the R(D") anomalies

At present, exclusive semileptonic B — D®)fv decays are among the most important and challenging
processes in the phenomenology of flavour physics. In fact, they allow to determine the SM parameters
with high precision. In this sense, there are two reasons that justify their importance.

On the one hand, we have the so-called |Vy| puzzle, i.e. the tension between the inclusive [27-30]
and the exclusive values of the CKM matrix element |V| [31H3§]. Very synthetically, the difference
between these two determinations is that, while the inclusive one comes from B — X v decays,
where X, is a generic charmed meson (in other words, we are taking into consideration all possible
final charmed mesons), the exclusive one is measured by choosing a specific B decay channel into
a charmed meson. To be more specific, we can obtain exclusive estimates of |Vg| from different
decay channels, i.e. B — D™y, By, — Dy, B — J/ylv and finally A, — A.lv. Note that in
principle there are also further transitions that can be considered to this end, namely the ones involving
excited mesons and baryons. Following the last 2021 report by the FLAG Collaboration [39], we have
that |[Veplexa x 103 = 39.36 4 0.68 (computed from B — D&y decays), while the last inclusive
determination [30] corresponds to |Ve|ine = 42.16 £ 0.50. Thus, a ~ 3.30 discrepancy exists between
these two estimates.

On the other hand, a discrepancy exists between the theoretical expectation value and the mea-
surements of the ratios R(D™)) [40], which are defined as

I'(B — D®1v)
(B — D®v)’

R(D™) = (3.1)

17
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where £ is a light lepton (¢ = e, ). The state-of-the-art for the R(D®*)) anomalies can be seen in
Figure [3.1] where the red area represents the average of all the measurements performed by Belle,
BaBar and LHCD [41-49]. HFLAV quotes the following values for this average:

R(D)exp = 0.339 £ 0.026 £ 0.014, R(D*)eyp = 0.295 =+ 0.010 = 0.010, (3.2)

where the first error is statistical, while the second one is systematic. For what concerns the theoretical
expectations, HFLAV takes into consideration the results of the computations in [50-52]. The first
two results bring to the black cross in Figure 3.1 while the last one is the blue cross. The arithmetic
average in this case is:

R(D)¢, = 0.298 £0.003, R(D*)¢n = 0.252 £ 0.005. (3.3)

By comparing the Egs. (3.2))-(3.3]), one can see that R(D) and R(D*) exceed the SM predictions by
1.40 and 2.90, respectively. Considering the R(D)-R(D*) correlation of -0.38, the total difference with
the SM predictions reported above corresponds to about 3.40.

Note that the ratios R(D(*)) have a precise physical meaning, namely they are a test of Lepton
Flavour Universality (LFU), which is one of the pillars of the SM. According to this principle, all the
three types of charged lepton particles (namely the electrons, the muons and the taus) interact in the
same way with the gauge bosons, independently of their generation. In other words, in the SM the
gauge interactions are LFU. Any hint of violation of this principle can thus be interpreted, in a very
clear way, as a hint of New Physics.

? [ T I T T T T I T T T T I T T T T I T T T ]
&) i HFLAV AX? =1.0contours ]
X 04 .
[ LHCb15 3
035 -
03 =
0.25 ;
B Bellel7 World Average ]
B R(D) = 0.339 + 0.026 + 0.014 ]
0.2 [ ¥ Bigi 16, Gambino 19 R(D*) =0.295+0.010 +0.010 ]
[~ Bordone19 g&z)o:3 Eés% ]

N N SR B AR \

0.2 0.3 0.4 0.5

R
L=

Figure 3.1: Correlation plot of R(D)-R(D*) given by the HFLAV Collaboration [40] in the Spring
2021. The red area represents the world average of all measurements, while the blue and the black
crosses are the two SM predictions described in the text. The plot shows a ~ 3.40 temsion between
theory and experiments.
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3.2 The role of the hadronic Form Factors

From the theoretical point of view, the extraction of [V| from exclusive B — D®)¢v decays and the
theoretical estimates of the R(D™)) ratios depend on the value and the shape of the Form Factors
(FFs) entering the matrix elements and amplitudes. These functions encode the non-perturbative
strong interactions between the quarks and, in principle, can be determined through lattice QCD
(LQCD) computations. Let us now describe more specifically how the FFs influence the B — D™y
decays and, in what follows, we will analyze separately the production of D and D* mesons.

3.2.1 FFs and differential decay width of B — D/v decays

Defining the vector current V* = by c, the structure of the hadronic matrix element reads

2 2
Mp —Mp 4,

m2 2
B a4 (3.4)

(D(pp) | V*| B(pB)) = fT(q°) <p‘é + 1l — q_szq“> + f2(d?)

where
2

%) = ——F () + (). (3.5)

9
mp—mp

and ¢" = ply — pf, is the momentum transfer. The two FFs in Eq. (3.4) are constrained by the
kinematical relation

£2(0) = f+(0), (3.6)

which is a straightforward consequence of Eq. at zero momentum transfer and ensures that

the hadronic matrix element is finite at the kinematic endpoint. Note that the axial current

Al = byH~Pc gives zero-contribution to B — Dfv decays, as dictated by the Wigner-Eckart theorem.
A direct computation gives the final expression of the differential decay width

2
ar GE Ve *nEyw (1 _ m%)

dq? 2473 q%
) (3.7)
< 170l (14 Z) 17+ + mln] (1- 2 21 oy
A m _ 2Dy 2%
bD 2q2 q BIPD mQB 8q2 q 3
where G is the Fermi constant, pp the 3-momentum of the D meson, i.e.
2 2 _ 2\2 1/2

o mp+mp —q 2
_ _ 3.8
7ol [( o=t} mD] , 5)

new = 1+ aln(Mz/mp)/m ~ 1.0066 the leading electromagnetic correction and my the mass of the
produced lepton. In the limit of produced massless lepton, the expression (3.7) simplifies to
AU GEVal*Taw = 3) et/ 22
—~ = 2V |5 . 3.9
T = T P ) (39
Another way to express the result (3.9) is

dU _ GE|Va[*ngyw 4rmb (mp +mp)* (w? — 1)*?
dw 4873 (1+47)?

| f4(w)[, (3.10)
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where r = mp/mp and we have also introduced the recoil variable w, defined as the scalar product of
the 4-velocities of the B and the D mesons, i.e. w = vp -vp. This definition can be naturally adopted
also for the B — D* case. It is then straightforward to verify that the following one-to-one relation
holds between the momentum transfer and the recoil

P =m%+ m%m —2mpmpew. (3.11)

3.2.2 FFs and differential decay width of B — D*/v decays

The B — D* case is more complicated than the B — D one since the D* is a vector meson and, thus,
is characterized by a polarization vector €. According to the Wigner-Eckart theorem, both the vector
the axial current give a non-zero contribution, namely

* = D, 2 *
(D (o)l (LF 35 UBWm)) = = el PV ()

2mp+ ,
+i q;’ (" - 9)a" Ao(?) (3.12)

1

[(mp —mp=)e™ — (€ - q)(p + pB)"] A1(¢?)
2mps 7 b ou 2
Fi——5(€q) |—5——5@+p)"—d¢"| A3(¢") ,

mp — Mpx

where we can also re-express A3z(q?) as
2mp-A3(¢*) = [(mp +mp-)A1(¢°) — (mp — mp-)A2(q)]. (3.13)

The four FFs V(¢?), A1(¢?), A2(¢?), Ao(¢?) can be re-expressed in terms of a new set of FFs, called
f<q2)7 g(q2)7 F1 (q2)7 1<q2)7 through the relations

Viw) = "B ), (3.14)

Ai(w) = TM ) (3.15)
— 1 mp + Mmp- w — mb: w) — 3‘1(w)

Az(w) = 2 (w? — 1)mpmp- [( mpg ) f(w) mpg } ’ (3.16)

Ao(w) = LMBEMD by (3.17)

2 /mpmpx

where we have used Eq. (3.11).
The FFs are characterized by the following kinematical constraints (KCs). The first one applies

at zero recoil and reads

F1(1) = (mp — mp+) f(1). (3.18)
Instead, the second one applies in the opposite regime, namely at maximum recoil
F
Pl (wma:v) = 1(wmax) (319)

(1 + wmaz)(mp — mp=)y/mpmp-’

where ) )
mp + Mp«
Wmax = )
2mBmD*
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under the assumption that the mass of the final state lepton is negligible. The latter KC comes
from requiring that As(¢? = 0) = Ap(¢? = 0) (recall that zero momentum transfer is equivalent to
maximum recoil). This condition ensures that the hadronic matrix element is finite at the
kinematic endpoint. On the contrary, the former KC has a different physical origin. At zero
recoil the D* meson is at rest, thus we lose one degree of freedom (namely one of its helicities). One
can explicitly demonstrate that this condition can be rephrased into the KC .

In conclusion, starting from the matrix element we are able to compute the differential decay
width of semileptonic B — D* decays. It is interesting to note that the produced D* strongly decays
into a D7 pair and, thus, we have a four-body final state. The various helicity angles 6;,80,, x are
defined in Fig.[3:2] Thus, the differential decays width reads

dl'(B — D*(— Dm)tv)  G%|Va|*nhy, 2 5
= 3 . 2-1(1-2
dwd cos 0yd cos 0,dx 4(471’)4 mpmp \/w—( rw—+r )

. B(D* — Dﬂ){(l — cos )2 sin? g, | H.. |2

+ (1 + cos 8y)?sin? 0, |H_|* 4 4 sin? 0, cos? 6,| Hy|> (3.20)
— 25sin® 6 sin® 0, cos 2xyHLH_

— 4sin0y(1 — cos by) sin 0, cos 0, cos xH+ Hy

+ 4sin6y(1 + cos b;) sin 6, cos 0, cos XH_HO},

where we have neglected the mass of the lepton and introduced the helicity amplitudes

Ho(w) = §1 (w)

2 2
\/mB +mp — 2mpmpw

. Hi(w) = f(w) Fmpmp«-vVw? —1g(w). (3.21)

In order to obtain the final forms of the four differential decay widths dI'/dx (where x = w), cos 0;, cos 6y, x),
we have simply to integrate on three of them in the expression (3.20]). For instance, a simple calculation
leads to the following expression for dI'/dw

dr _ GE Vo *npwmb-
dw 48m3mp

where ¢?(w) can be read from Eq. (3.11)).

In conclusion, let us mention what happens in the case of production of a massive lepton, i.e. the
7. Eq. takes a much more complicated form, however this goes beyond the scope of this Thesis
since no measurement of the fourfold differential decay width in case of production of a 7-lepton is
available at present. On the contrary, it is of capital importance to derive in this case the theoretical
expression of dI';/dw = dI'(B — D*rv)/dw, since it will directly enter in the computation of the
R(D*) ratio (recall its definition in Eq. (3.1)). One can demonstrate that

dFT . dFTJ + dFT,Z
dw  dw dw ’

Vuw? — 1[2¢*(w) (f(w)® + mimpb. (w® — 1) g(w)?) + Fr(w)?],  (3.22)

(3.23)

where we have defined

dr'y, m? \° m2 dr

— = 1-— 14 X —,
dw q(w)? 2q(w)? dw

dUro  _ GEValugwmy mi(m} — q(w)?)*r®(1+r)*(w® —1)%2Pi (w)?
dw 3273 q(w)® '

Here r = mp+/mp and dI'/dw has been written in Eq. (3.22)).
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Figure 3.2: Representation of the semileptonic B — D*fv decay. 0y is the angle between the lepton
and the direction opposite the B meson in the virtual W boson rest frame. 0, is the angle between the
D meson and the direction opposite the B meson in the D* rest frame. x is the angle between the two
decay planes spanned by the W —{ and D* — D systems in the B meson rest frame. Taken from [37].

3.3 The Dispersive Matrix approach to the Form Factors

As clear from Eqgs. -, a correct description of the hadronic FFs is of crucial importance in
order to compute the differential decay widths in a correct way. As explained in the previous Section,
these functions encode all the informations about the strong interactions between the quarks and, in
principle, can be computed on the lattice. In this sense, an improvement of the theory, mainly if not
uniquely, for exclusive B decays is expected from progress in LQCD calculations of the relevant FF's.

One is, however, limited by the cutoff effects induced by the presence of a quark as heavy as the
b-quark in calculations done at a finite lattice spacing a. Actually, most of the numerical simulations
with heavy quarks are performed at a larger than about 0.05 fm, so that for the physical b-quark
mass we have mpa = 1 and an extrapolation in m; from unphysical values is necessary. In this
context, discretisation errors affect the value of the FFs at zero recoil and make it difficult to study
their momentum dependence at large recoil, namely at small ¢?. For this reason, in some cases the
dependence of the FFs on ¢? in the whole allowed kinematical region is supplemented by using also
the results of QCD sum rules calculations at small ¢.

Let us make an explicit example. Results for the B — D/v FFs from LQCD [53,54], together with
their uncertainties and correlations, are only available in the range 9.3 GeV? < ¢ < 11.7 GeV?, much
smaller than the physical range, 0 < ¢ < 11.7 GeV?2. The same situation holds for the momentum-
dependence of the FFs in B — D*/v decays, where the results of the first computation on the lattice
has recently appeared [55]. However, also in this case the kinematical region is always restricted at
small recoil, namely in the region w < 1.17. In order to supply the lack of information from explicit
LQCD calculations of the FFs in the full kinematical range, both the experimental analyses (in order
to account for efficiencies and response functions) and the theoretical studies have to assume some
parameterisation of the FFs. It is well possible then that the extraction of |V| from experiments is
biased by the theoretical model adopted in the fits of the data.

In the past, some pioneering works [56-60] were devoted to the determination of model-independent
bounds on the FFs entering in semileptonic charged-current decays of hadrons through the knowledge
of the two-point functions I}/ (¢) = i [ d*z e (0| T{V*T(2)V*(0)}|0), where V#(z) is the vector cur-
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rent responsible for the transition under consideration. To be more specific, the authors derived precise
constraints on the hadronic FFs from QCD dispersion relations, by exploiting the analiticity and pos-
itivity properties of H@” (¢). They used a QCD calculation of the aforementioned two-point function,
by including both the perturbative contributions to two loops and the leading non-perturbative ones
in their computation. These findings have then inspired the development of some parametrizations
of the hadronic FFs, used in most of the phenomenological analyses present in literature. The three
most popular parameterisations are called Boyd-Grinstein-Lebed (BGL) [61H63], Bourrely-Caprini-
Lellouch (BCL) [64] and Caprini-Lellouch-Neubert (CLN) [65,/66], after the name of the authors. In
order to give an overview of their features, BGL uses the same dispersive approach of Refs. [56H59] to
constrain the FFs from first principles. The key idea is to develop power series expansions of the FF's
and, then, to fit the available experimental and/or LQCD data to obtain bounds on the coefficients
of the expansions. Although it is quite similar to BGL, BCL is characterized by a different structure
of the power series expansion of the FFs, in order to ensure the proper scaling of the FFs themselves
at large momentum transfer. Finally, CLN uses again dispersion relations to obtain bounds on the
shape of the FFs and, then, combine them with the heavy quark symmetry, in order to provide new
relations between the FF's near zero recoil.

In what follows we will deeply describe a novel way to describe the FFs in a non-perturbative
and model-independent way, called the Dispersive Matrix Method (DMM). The original proposal was
contained in the pioneering work by L. Lellouch [60]. It applies the dispersive techniques originally
proposed in refs. [56-59] directly to lattice data and introduces a formalism to take into account the
errors of the lattice results. In spite of the use of the FFs derived from first principles in LQCD,
the proposal of Ref. |60] relies, for the unitarity constraints, on the perturbative calculation of the
two-point current correlation functions. To our knowledge, in spite of the large use of the dispersive
techniques discussed above, no one has systematically used the lattice two-point correlators computed
non perturbatively in numerical simulations to constrain the FFs in semileptonic decays, not even
in the original work [60]. Then, here we are going to present an extended study of the two- and
three-point lattice correlation functions which will be used, together with the dispersive techniques,
to constrain the lattice predictions for the FFs entering in semileptonic B — D®)¢v decays.

3.3.1 Two-point correlation functions

The bounds on the different FFs are derived from the two-point functions of suitable currents. The
starting point is the Fourier transform of the T-product of two hadronic currents, which generalizes
the definition of the hadronic vacuum polarization (HVP) tensor. Assuming z° > 0 we have

/d4xeiq'”” (O T{J"!(2) 7" (0)} |0) = /d%ei”Z(OIJ“T(ﬂJ)Im (n] J*(0)[0)

n

-y / dha T (0] 750 [n) (n] JU(0)[0)  (3.24)

= > (2m)*6W (g = pa) (0] J*1(0) n) (n] J*(0) |0) ,

where p,, the 4-momentum of the intermediate n-particle state. A similar result can be derived for
the case 20 < 0. The completeness sum runs over all possible intermediate hadronic states and in
particular we will focus our attention onto either a single-particle Bg*)—meson state or two-particle
states composed by a B-meson and a D®)-meson. The link between the two-particle states appearing

in the completeness sum ([3.24) and the classification of the FFs introduced in Egs. (3.4)-(3.12)) is given
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by the substitution
(DY|J*B) — (B D™|J#|0), (3.25)
which can be simply realised by inverting the sign of pp) and by analytic continuation of the FFs
in ¢® from m? < ¢* < (mp — mpe)? to (mp +mpe)? < ¢* < co. Thus, the amplitudes entering
in semileptonic decays are strongly correlated to the T-product in Eq. , which is the reason why
the latter is so important to constrain the FFs.
At this point, the Fourier transform of the T-product defines the following HVP tensors:

4 (q) = i / d*a ' (0| T{V*(z)V"(0)} |0) (3.26)
= (¢"¢" — ") - () + ¢"¢" o+ (¢%)
(g = i / diz el (0| T{AM (2) AY(0)}]0) (3.27)

= (¢"¢" = ¢"'¢*) () + ¢"¢" o~ () ,

where V#, A* are the vector and the axial 4-currents defined in the previous Section. Furthermore, the
subscripts 0%,1F represent spin-parity quantum numbers of the intermediate states. The quantities
[Ty« 11+ are called polarization functions. In particular, the term proportional to ITy+ (IIy-) represents
the longitudinal part of the HVP tensor with vector (axial) 4-currents, while the term proportional
to I (II;+) is the transverse contribution to the HVP tensor with vector (axial) 4-currents. Note
finally that by inserting a completeness sum between the vector or axial 4-currents we are able to
relate these expressions to Eq. . Thus, it is straightforward to state that the FFs introduced
in Eqgs. — enter in the imaginary parts of the polarization functions, accordingly to their
spin-parity quantum numbers.

The imaginary parts of the longitudinal and transverse polarization functions are related to their
derivatives with respect to ¢? by the dispersion relations

0 1 [ zImlly+ (2
Xo+(¢°) = 92 [* T+ (¢%)] = 7r/0 dz (232)(2)

0 1 [ zImlly-(z
Xo-(¢%) = an[quo(qz)]—F/O dz(z_gg)g) (3.28)
xi- () = % (I

(5;)2 [°TL - (¢*)] = 7T/0 zmH;Q)(f)
(

10 1 % zImll+(2)
xi+(q%) = 2<8q2> [QZHH((IQ)]—W/O dzﬁ-

In what follows we will denote by x a generic susceptibility. From a dimensional point of view note
that the longitudinal (scalar/pseudoscalar) susceptibilities o+ are dimensionless, while the transverse
(vector/axial) ones have dimension [E]~2, where E is an energy. The imaginary parts of the polar-
ization functions receive both one-particle and two-particle contributions, whose analytic expressions
can be directly found in Appendix [A]

3.3.2 Dispersive bounds from the DMM

First of all, let us describe the general ideas behind the dispersive method of Refs. [56]- [59] thanks to
which one can obtain bounds for a generic FF f(q?). We define

te = (mp £ mpe)? (3:29)
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and we use the analytic continuation of the amplitudes from the kinematical decay region, where
m% < ¢? < t_, to the single-meson or pair production region, where m2Bc < ¢? or t; < ¢*. By means
of the dispersion relations we can use the two-point correlation functions computed in QCD to obtain
the constraints on f(g?) and then use analyticity to translate these constraints into the physical FFs
relevant for semileptonic decays.

The dispersion relations that we will consider in this work have already been introduced in
Eqgs. . We also recall that the derivatives of the various polarization functions can be determined
in perturbative QCD only for values of ¢? that are far from the region of production of resonance
states, namely

(my +me)Agep < (my +me)? — ¢, (3.30)

where my and m, are the bottom and charm quark masses, respectively. A possible choice is thus also
the value ¢> = 0, which has been widely used in the past, particularly in all the calculations that used
the perturbative expression of the susceptibilities x(¢?). On the contrary, with a non-perturbative
determination of the two-point correlation functions we can use the most convenient value of ¢ at
disposal, namely the value which will allow the most stringent bounds on the FFs.

By inserting a complete set of states with the same quantum numbers of a generic current J we

havdﬂ

ttlge v = 5 3 [ dutn) (259 (g = ) 017 1) P (3.31)

where du(n) is the measure of the phase space for the set of states n. As the completeness sum is
semi-positive definite, we can restrict our attention to a subset of hadronic states and thus produce a
strict inequality. This consideration allows us to re-write the dispersion relations for x(q?) as

1 < W)
mx(¢®) Jo,  (t—¢*)?

<1, (3.32)

where f(t) is the generic FF and W (t) is a computable function that depends on the particular
FF under consideration and is related to phase space factors. These have been given explicitly in
Eqgs. — for all the possible bilinears in Appendix

We can now use analyticity to turn the result into a constraint for the semileptonic region.
To achieve this goal, it is necessary that the integrand is analytic below the pair-production threshold
t < ty. To this end, we define the conformal variable z as

_ Vb -tV —
IRV T RV T
which is real for t; < t4, zero for t = t4 and a complex number on the unitary circle for ¢t > t,. We
can remove the poles of the integrand of Eq.(3.32) by multiplying it by appropriate powers of the

z(t,ts)s, as determined by the positions t5 of the sub-threshold poles. Each pole has a distinct value
of ts, and the product z(,ts1)* 2(t, )" ... removes all of them. Hence, we re-express Eq. (3.32) as

1 o

L

T e,
where t( is an arbitrary point that we will define below. Here we have introduced the Blaschke factor
P(t), which is a product of many quantities of the form (3.33)) at the position of the sub-threshold

z(t,ts) (3.33)

dz(t,t())

210 (e, 10) P(1) f(t)‘z <1, (3.34)

!For simplicity we omit Lorentz indices and other complications that are immaterial for the present discussion.
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poles (i.e., t, < ty), and the outer function ®(t,ty), which is defined for the vector/axial channel for

instance as 12
: 5 W(t)
D(t, tg) = P(t) . (3.35)
|dz(t,to) /dt] X1+ (¢2)(t — ¢2)?
In the last expression P(t) represents a product of the z(t,t,)’s and \/z(t, t;)’s that remove the sub-
threshold singularities and cuts in the kinematical part W (t). Regarding the choice of ¢y in Eq. (3.34)),
there are several possibilities which may be more or less convenient depending on the quantity at
hand. In this Thesis, we will always choose ty = t_, so that the allowed kinematic interval [0,¢_]

corresponds to the range [zmax, 0].

f . 1 @
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Figure 3.3: Sketch of the analytic structure of the hadronic form factors as function of ¢ (left panel)

or as function of z (right panel). The green line represents the region relevant for semileptonic decays.

The blue points are the isolated poles coming from one-particle states. In conclusion, the red branch

cut in the left panel is caused by multi-particle states, i.e. states of two or more particles. This branch
cut translates in the unit circle |z| = 1 in the right panel.

The DMM allows us to translate the information given by the susceptibility x(¢?) into a bound
on the FFs in the following way. Firstly, we make the transformation

l+z _ [t -t (3.36)
1—=z2 t+ —t_ ’ )
or
ty—t 1
Vit (3.37)

=
t+tt, +1
which exactly corresponds to z = z(t,t_), see Eq. (3.33). We thus map the complex t-plane into
the unit disc in the variable z, whereas the integral around the cut in Eq. (3.34]) becomes an integral
around the unit circle. A graphical representation of the situation is shown in Figure for clarity.

Then, a generic integral of the form given in Eq. (3.32]) can be written as an integral over z [59]- [60]

1 dz 2 2 2
31 . S P <x(@). (3.39)
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where the kinematical functions ¢(z, ¢?) for the different form factors entering B — D™ decays will
be specified in Eq. (3.45)) below. At this point, by introducing an inner product defined as

1 dz
h h 3.39
=55 [ T, (339
where g(z) is the complex conjugate of the function g(z), the inequality (3.38) can simply be written
as

0 < (oflof) < x(d?). (3.40)

where we have also used the positivity of the inner product. Following Refs. [59]- [60], we also define

the function g¢(z) as
1

1—2z(t)z’

where Z(t) is the complex conjugate of the variable z(¢) defined in Eq. (3.37) and z is the integration
variable of Eq. (3.39)). It is then straightforward to show that

9¢(2) (3.41)

1

_ 2 _
{gelof) = o(=(1), ) f (1)), Agalon) = 1 EOECE (3.42)
At this point, let us introduce the matrix

(oflof) (&flgr) (Dflgn) -+ (&flge.)

(gelof)  latlae)  Agelge) - (gelge,)
M= | (gulef) (gulge) (9ulgn) -+ (gulgw.) | . (3.43)

<gtn.|¢f> (9talge) <gtn.|gt1> (Gt l9ta)
The values tq, - - - , ¢, will correspond to the squared 4-momenta at which the FFs have been computed

non-perturbatively and that will be used as inputs for constraining the FF in regions non-accessible
to the calculation. Note that the first matrix element in is the quantity directly related to
the susceptibility x(¢?) through the dispersion relations, see Eq. . Taking for instance into
consideration the B — D case, in terms of the longitudinal and transverse susceptibilities xq+ (¢*) and
X1- (¢?) we have that:

(¢0.folPo fo)
(D4 frlprfv)

where ¢g 4 are kinematical functions
/2n [B3tit— 1 1+z 142\ 72 142\ 2
2 I + 2
= 0
2n (1+2) 142 -2 142 -3
2 I 2
= 4
o+(2,0") \/tJritl—zg/2 0)+1z> <p<q>+lz> o (345)

where ny is an isospin Clebsch-Gordan factor and

VARVAN
=
(=)
+
)
\_l/o

x1-(4%), (3.44)

p(d*) = (3.46)
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When analyticity does not hold, i.e. when a FF has, for instance, N poles at t = tpy,tpa, -+ ...,tpN,
it is sufficient to modify the kinematical function ¢ according to

z—z(tp) y z— z(tpN)

2 2\ — 2
B 0°) = (2.6 = 6(=,0") x T 1—z(tpn)z

(3.47)

and the previous definitions will continue to be valid.
The positivity of the inner products guarantees that the determinant of the matrix (3.43))
is positive semi-definite, namely
det M > 0. (3.48)

This condition can be rephrased in the second order inequality

algilof)® +28(gilef) < 7, (3.49)

with

a = det M2}

Bo= Y (1) det MIGDEHD g, (6 f) (3.50)

i=1
v = x(¢%) det MDY — N (1) det MIMDTLITDY (g, 16 £) (g |0 f)
ij=1

where M 1(11.51):(12.2).* } is the minor obtained by deleting the rows i1, i2, - - - and the columns ji, jo, - - -.

Calling A the discriminant of the inequality (3.49)), one can show that
A = det MUY x det M2 = A} x A, (3.51)

so that at the end the relevant quantities will only be «, 5, A1, As. Note that o and As are t-
independent, i.e. they are given numbers once the susceptibility x(¢?) and the lattice QCD inputs are
chosen. On the contrary, 5 and A; are t-dependent. Moreover, only the quantities 5 and Ao depend
on the chosen value of ¢2.

At this point, since A1 > 0 by construction, the inequality will have an acceptable solution
only when As > 0. If this condition, that we will call unitarity filter, is satisfied, by expressing the
scalar product (g:|¢f) according to Eq. we obtain the following unitarity constraints on the FF
£t

flO(ta q2) < f(t) < fup(t7q2) ) (3'52)

where

—B(t,¢*) F /A1(t) Aa(q?)
Frotup) (£, 4°) ab(=(t), %) ’

Thus, thanks to the dispersive bounds in Eqgs. , by using a direct lattice measurement of the FFs
at the points t1,t2,...,t, and the two-point functions of the suitable currents we can constrain the
FFs in regions of momenta not accessible to lattice simulations. Explicit analytical expressions for
Jio(up) (t; q?), which are very useful for their direct numerical evaluation, are given in Appendix |C| Let
us stress also that the unitarity filter Ay(g?) > 0 is t-independent, which implies that, when it is not
satisfied, no prediction for f(t) is possible at any value of ¢.

In the phenomenological applications present in this Thesis, we will always use the results of the
computation of the FFs performed by other Collaborations. On the contrary, we have computed for

(3.53)
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the first time on the lattice the susceptibilities relevant for the semileptonic B decays. In Appendix
the central ideas for their non-perturbative computations are shown and discussed.

In conclusion, we point out an interesting feature of the dispersive approach based on the ma-
trix (3.43]). When the momentum transfer ¢ coincides with one of the data points, i.e. when ¢ — ¢;, the
determinant A;(¢®) — 0 and the quantity 3/a — ¢(z(t;),¢%) f(2(t;)), so that fio@p (t, %) = f(2(t;)).
In other words, the FF f(t), obtained from the dispersive matrix method, reproduces exactly the given
set of data points.

3.3.3 Statistical and systematic errors in the presence of kinematical constraints

Let us now discuss the treatment of the statistical errors and of the systematic effects when the
bounds on the values of the FF f(t) are derived using the values f(¢;) computed at the points ¢; with
1 =1,2,...,n, and the appropriate susceptibility x. Without any loss of generality, we consider in
this Section the case of the semileptonic B — D decays, in which case we deal with the scalar fo(t)
and vector f;(t) FFs. Recall that they have to fulfill the kinematical constraint (3.6).

Eq. allows us to compute the lower /upper bounds of fo(,(t) once we have chosen our set of
input data, i.e. {Xo+1-), fo(+)(t1), -+ 5 fo+)(tn)}. Thus, the input data set is made of 2n+2 quantities:
the n values of the scalar FF fy, the n values of the vector FF f, and the two susceptibilities yy+ and
X1-- For sake of simplicity we are considering the same number of data points for both the scalar and
the vector FFs evaluated at the same series of values t; (i = 1,--- ,n). Our goal is to propagate the
uncertainties related to these quantities into the evaluation of the FFs fy(;)(t) at a generic value of ¢.

In Ref. [60] L. Lellouch proposed a solution to this problem. His idea is as follows. Let us assume
that the two FFs fi(t), fo(t) are distributed according to a normalized probability distribution, call it
Pin(f+, fo)[d" f+][d"™ fo]. Since the FFs have to respect both the unitarity filters and the KC between
them, we can define the measure

dp(fe, Jo) = @ LI o] % 0 (AF) 6 (A3) 0 (forup(0.4>) = Fi1o(0,4) 6 (F1p(0,4) — foto(0, q(2>) S

3.54

where 0(x) is the Heaviside theta function. At this point, we can also define the probability that the

form factor fy(o)(t) takes a value inside an arbitrary interval [/il—;(o), &:ZSO)] at momentum transfer ¢,

given that f 0)(0) € [max[fy 15(0), f0,0(0)], min[f4 up(0), fo,up(0)]]. These two probabilities (the one

for f and the one for fy) allow then to plot confidence level bounds for each of the two FFs, assigning
to them a precise statistical meaning.

In what follows we propose, instead, the following method, which is different from the one of
Ref. [60]. We start by building up a multivariate Gaussian distribution with mean values and covari-
ance matrix given respectively by {fo(t1),- -, fo(tn), f+(t1), -, f+(tn)} and ¥;; = p;joi0;, where
fo(+)(ti) are the FFs extracted on the lattice, o; are the corresponding uncertainties, and p;; is their
correlation matrix (including also correlations between the two FFs). Since we are going to use data
produced by other groups, that provide their values of fo(y(t;), 0; and p;;, we generate Nyoor boot-
strap events according to the expected probability distributions. In this case we generate Nyoo: values
of the non-perturbative susceptibilities xo+(1-) through normal distributions defined by their mean
values and standard deviations?

Then, for each bootstrap event we consider the (n + 1) x (n + 1) matrices M® and M* (see
Eq. ) corresponding to the scalar and vector FFs, respectively. The positivity condition

2If we have, instead, direct access to the data of the simulations, we can generate by ourself jackknife or bootstrap
sets of all the quantities defined above. At the same time we use the non-perturbative susceptibilities evaluated on the
same jackknife/bootstrap sets used to compute the values of the form factors fo4y(t:).
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implies that both A9 and A;r should be positive. Thus, we compute Ag(+) and verify their signs. If

either A or A; results to be negative for a specific bootstrap, then the event is eliminated from the
sample. From the physical point of view, this step can be read as a consistency check between all the
input data, namely the susceptibilities and the FFs for that particular bootstrap. At the end of the
procedure, we will be left with Nboot < Npoot €Vents.

In order to satisfy the KC between the FFs, in the subset of the beoot events satisfying the unitarity
filters Ag(+) > 0, we select only the NV, < Nboot events for which the dispersive bands for fy and f
overlap each other at zero momentum trasfer. This corresponds to impose the conditions

fO,up(07q2) > f+,lo(07q2)>
er,up(anQ) > fO,lo(OaQQ)a (355)

where fi,4p(t, ¢?) were defined in Eq. (3.53) for a generic FF f. Omitting for simplicity the argument
¢? at which the susceptibilities Xo(+) are calculated, the conditions |i can then be rephrased as

|6+(2(0)) B+(0) — ¢0(2(0))Bo(0)] < v/A1(0) [¢+(2(0)) Ay + ¢o(2(0)) Ag} : (3.56)

As already said, the above condition select Ny . < Nboot events. For each of the N, . events we
define

J1o(0) = max[fy15(0), fo,0(0)],

fup(o) = min[f} 4(0), fo,up(0)], (3.57)
so that, putting f(0) = fo(0) = f4+(0), one has
fio(0) < f(0) < fi,(0) (3.58)

We now consider the FF f(0) to be uniformly distributed in the range given by Eq. and we
add it to the input data set as a new point at ¢,;1 = 0. To be more precise, for each of N; . events
we generate Ny values of f(0) with uniform distribution in the range [f;;(0), f;;,(0)], obtaining a new
sample having Npoot = Nji . x Np events, each of them satisfying by construction both the unitarity
filters Ag(+) > (0 and the KC .

We then consider two modified (n+ 2) x (n + 2) matrices, M and M, that have one more row
and one more column with respect to matrices MY and M™ and contain the common FF f(t,1 = 0),
namely matrices of the form

(oflof)  (oflge)  (oflgn) - (Dflgt.)  (Dflgtn,s)
(gelof) (gtlgt) (gtlge) - (9elgen) (9t]tn 1)
My — (9t 1¢f> (gtlzlgt> (9t !9t1> - (9t !gtn> (91, Igtm) (3.59)
(Gralof)  Agtalgr)  (Gtalon) - (Gtalg.)  (9tal9t,i1)
<gtn+1 ’¢f> <gtn+1 ’gt> <gtn+1 |gt1> T <gtn+1 |gtn> <gtn+1 ‘gtn+l>

For any point ¢ at which we want to predict the allowed dispersive band of the FF f(¢) (which
can be either fy(t) or fi(¢)) without directly determining it on the lattice, we compute the matrix
M¢ and using Eq. (3.53) we get fi,(t) and fyp(t). This can be done for each of the Ny events. Let us
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indicate the result of the k-th extraction by fl’f)(t) and f{fp(t), respectively. Then, for each of the N}, .

events the lower and upper bounds f,,(t) and fup(t) can be defined as

fio®) = min[fL®), f2(), ..., f?(t)],
Fup(®) = max[fy,(t), fo,(t),. .., fa2 (t)] - (3.60)

At this point we can generate the bounds of the form factor f (t). To achieve this goal, we combine

all the Ny . results ﬂoyup(t) (i =1,---,Ny ) to generate the corresponding histograms and fit

them with a Gaussian Ansatz. From these fits we extract the average values fio(,p)(t), the standard
deviations 7,(,)(t) and the corresponding correlation factor pjo,up(t) = pup,io(t), namely

Ngoot
flo(up)(t) = N; . Z ﬂo(up) ) (361)
oot =1
L Ve ,
UZQO(UP)(t> - Nék .= 1 Z [flo(up)(t) _flo(up)(t)] ) (362)
00 i=1
1 Ngoot :
Proan(t) = Pupto®) = =7 O [Tl = fu®)] [Fu®) = fu®)] . (363)

boot — 1 ij=1

Note that in the above procedure we are assuming that the bootstrap values of the FFs at each
value of the momentum transfer are Gaussian distributed. From the practical point of view, we have
explicitly verified for each decay channel we have taken into consideration that this is a very good
approximation. In fact, we have checked that the distributions of the FF's events at different ¢ values
are well reproduced by Gaussian distributions. To giva an explicit example, in Chapter [] we will
analyze in depth this point for the B — D*/v decays.

3.3.4 Combination of the lower and upper bounds for each FF

After the steps described before, for any choice for ¢ we obtain from the bootstrap events (pseudogaus-
sian) distributions for fo,(t), fo.up(t), f+,0(t) and fy up(t) as well as the corresponding mean values,
standard deviations and correlations. We combine them according to the following procedure.

Let us consider a single bootstrap event in which fr, is the lower bound and fi; is the upper one
for a generic FF at the given value of ¢ (for sake of simplicity we omit the t-dependence for a while).
We associate to the FF f a flat distribution between fr, and fis, i.e.

_ 1
Cfu—TfL

where f = fo1), fu = fo)ups JL = fo(4),00 and © is the Heaviside step function. The mean value
and the variance associated to the distribution (3.64]) are respectively given by

P(f) o(f - fo)elfv -1, (3.64)

_futfL
=T

fu
! af 1O — f1)O(fu — f)
fu—fr /g,

fu 2 _ 2
! / dof <fo+fL> Of — f)O(fu — f) = JUJL 366
fr

(3.65)

fu—fL 2 12
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It is however necessary to average over the whole set of bootstrap events. Since the lower and the
upper bounds of a generic FF are strongly correlated, we adopt a multivariate Gaussian distribution
to describe them, i.e.

v/ -1
P (fo fur) = YIUCT 3O o) +2CT (= Fan) F1 i) +Cirs (o —Fun)?] (3.67)
) 27T 9 *
where fjo(,p) represents the mean of the lower (upper) bound over all the bootstrap events, given by

Eq. (3.61), and C' is the covariance matrix

2

O Ploup TloCup
C= , (3.68)
Pup,lo TloTup Oup

with 0jo(up) and proup = Pup,io being given by Egs. (3.62) and (3.63)), respectively. In Eq. (3.67) the
normalization has been chosen so that

+oo +oo
/_ /_ dfor dfy Pou(fo, fo) = 1. (3.69)

Using the product of the distributions (3.64)) and (3.67)) we can compute the final values of the form
factor f(t) and its variance O‘J%(t) as

) = W , (3.70)
o (t) = % [fup(t) = fro(8)) + % [075(t) + T2y () + Proup(t) 010(t) Tup(t)] - (3.71)

In conclusion, let us highlight here that the overall procedure described above can be easily ex-
tended also to the FFs f(¢?), 9(¢%), F1(¢?), P1(¢?) entering B — D*{v decays, keeping in mind that in
this case these FFs have to respect the KCs shown in Egs. (3.18])-(3.19)).

3.3.5 What if only a small percentage of the bootstraps survive to the filters?

In some of the analyses of the lattice data that we are going to present we have encountered the
following phenomenon. As clear from the previous discussion, for some of the bootstrap events no
solution can be found, either because As < 0 or because there is no overlap between the regions allowed
by the KCs. This may obviously happen for a statistical fluctuation of the sample at hand. When,
however, the fraction of rejected bootstrap events is large, say much larger than 50%, we have to
implement a procedure to increment the percentage of accepted bootstraps, otherwise it is legitimate
to doubt about the statistical reliability of the final result for the FFs.
At present, we have developed two possible strategies to solve this problem.

e On the one hand, we can use a different statistical approach, like the skeptical one discussed in
Refs. [67,68]. The basic idea is the following. Probability theory helps us in building up a model
in which the values and uncertainties of the physical quantities about which we are in doubt are
allowed to vary from the nominal ones. Obviously, the model is not unique, as not unique are the
probability distributions that can be used. The simplest choice consists in enlarging the reported
standard deviations o; of the measured points, by assuming the true standard deviations, call
them o?, are related to the o; by a factor r;, one for each of the measured points, i.e. o = r; 7y,

whereas the average values f; are the same. All the points i are treated democratically and
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fairly, i.e. our prior belief of each r; has expected value equal to one; its prior distribution
does not depend on the point; we are skeptical, and hence each r; has a priori a wide range of
possibilities described by a probability distribution, with a prior 100% standard uncertainty on
ri, i.e. o(r;)/E[ri] = 1.

The simplest model is to introduce a Gamma probability distribution for the variable r > 0

Puept (1) = Brl(A) (%)A_l /B (3.72)

The parameters A and B are fixed by imposing that this distribution has both mean value and
variance equal to 1. A simple calculation shows that this request corresponds to the choice
A = B =1, i.e. Pypepe(r) = €. At this point, we slightly modify the procedure previously
described, namely we build up a multivariate Gaussian distribution whose covariance matrix
now is

Eij = pPij0i0; X 7‘2, (373)

where the o’s are the uncertainties of the measured points in the numerical simulation and p;;
the corresponding correlation matrix.

Thus, according to Eq. we extract IV, values of r and, for each of them, N, bootstrap
events for both the FFs values and the susceptibilities. To decide whether a single bootstrap
event is accepted or rejected, let us fix the bootstrap event, i.e. the i-th event N;, and we consider
N/ values of r. We check the unitarity constraint for all the FFs for each of the N, events, then,
we compute the lower and the upper bounds for the survived qu < N! events and check whether
the KCs are verified or not. This second step will leave us with N? < N? bootstraps. Our
prescription is thus the following: the event N; is considered as accepted if Nﬁ %= 0, namely if
there exists at least one value of r which passes both the unitarity and the KC filters. Adopting
this ansatz, we see that a much larger fraction of the generated events is accepted.

At this point, we combine the values of the accepted r in a unique value. We proceed in three
steps. For each bootstrap we compute the mean value of r over the N{ extractions. Then, we
find the r (among the NZ" extracted) closest to that mean value. Finally, we save the event
corresponding to that r as representative of the bootstrap that we have fixed. Note that in this
way we are guaranteed that the new bootstrap events will pass both the unitarity and the KC
filters.

On the other hand, we can adopt an iterative procedure. The idea is as follows. We start from
a given dataset of points for the FFs and generate a sample of bootstrap events according to
the their correlations. Then, we apply the unitarity filters of the DMM to the FFs. If they are
satisfied only by a reduced number of bootstraps, on the subset of surviving events we recalculate
the mean values, uncertainties and correlations of the FFs. The changes in the mean values and
uncertainties turn out to be quite small, while the application of the unitarity filters has its major
impact on the correlations among the FFs. Then, we repeat the generation of the bootstrap
sample using the new input values and we apply again the unitarity filters. This procedure is
repeated until the percentage of survived bootstraps is = 95%.

It is clear that the same approach has to be developed also to properly take into account the KCs.
Thus, we apply again the iterative procedure to increase each time the percentage of surviving
events after imposing the filters corresponding to the KCs. Also in this case, we require a fraction
of surviving events 2> 95% after imposing all the filters.
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3.3.6 Final observations

In order to conclude this Section, let us develop some final observations on the DMM.
First of all, with respect to the original proposal by L. Lellouch [60] and other previous studies,
the main novelties in our procedure are as follows:

i)

i)

iii)

iv)

The non-perturbative determination of the relevant two-point current correlation functions on
the lattice which are then used to implement the dispersive bounds;

The possibility of implementing the constraints from the two-point correlation function computed
non-perturbatively also in regions where the perturbative calculations used in previous analyses
are non reliable and could not be used;

The reduction of lattice artefacts in the two-point correlation functions using fixed-order per-
turbation theory on the lattice and in the continuum;

A quite simpler treatment of the lattice uncertainties with respect to the method proposed in
Ref. [60];

A new approach to a realistic estimate of the systematic errors present at small values of ¢2,
namely at large momenta of the final meson, based on the skeptical approach and/or the iterative
procedure.

Secondly, it is interesting to compare the DMM with the other parametrizations introduced at
the beginning of this Section, namely BGL, BCL and CLN. All the quantitative details about these
parametrizations can be found in the Appendix Bl With respect to BGL, BCL and CLN, we highlight
the following important improvements:

i)

i)

iii)

iv)

Since no series expansion of the FFs at low-z is performed, the DMM is independent of any
truncation error that, on the contrary, can occur in BGL, BCL or CLN. For completeness, note
that according to Refs. [50,/51,/69] the truncation problem can be controlled in BGL and in BCL
by imposing the unitarity bounds on the coefficients of the power series expansion of the FFs
(these bounds are represented by Eq. and Eq. for BGL and BCL, respectively) and
by repeating the fits at different truncation orders;

Contrarily to BGL or BCL, where a truncated fit might be distorted by events which do not
fulfill unitarity, in the DMM unitarity is built-in, hence a unitarity check of FFs data is developed
independently of a particular parameterization. For completeness, also this problem can be
controlled in BGL and BCL by imposing the unitarity bounds and by repeating the fits at
different truncation orders;

Having a set of lattice data for a FF evaluated at a series of values qu of the squared 4-momentum

transfer (j = 1,..., N), the DMM reproduces exactly each of the data point when ¢*> — q]2-. In
other words, it behaves like a fitting procedure passing exactly for the given data set.

Finally, contrarily to CLN, the DMM is entirely based on first principles (i.e. LQCD evaluation
of 2- and 3-point Euclidean correlators) and thus is independent of any approximate symmetry,
as for instance the Heavy Quark Effective Theory (HQET).

For all these reasons, the DMM seems to us a very intriguing and interesting strategy for the
description of the FFs in the whole kinematical range. However, for completeness, let us mention
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also one theoretical limitation that affects this method. As clearly stated above, the DMM allows to
compute the lower/upper bounds of a FF through Eq. once we have chosen our set of input
data. This set is composed by the susceptibility of a given spin-parity quantum channel and by
the LQCD determinations of the FF at some values of the momentum transfer. Now, there is not
a straightforward way to include the experimental determinations of the differential decay width of
a given process among the aforementioned input data. In other words, it is not straightforward to
include these measurements inside the original matrix in Eq. . Some preliminary results can be
found in [70] in the case of production of a pseudoscalar meson. However, it will be very important
for the future to overcome this problematic issue in a systematic way, by including also the cases of
production of a vector meson or a baryon.

Let us now describe in detail the results of the phenomenological application of the DMM to the
semileptonic B — D™ (v decays.
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Chapter 4

The DMM analysis of the b — ¢ quark
transitions

In this Chapter we will firstly apply the Dispersive Matrix approach to describe the FFs entering in
the B — D®){v decays in the whole kinematical range. As stated in Chapter 3| for the B — D™ ¢y
decays the kinematical regions accessible to LQCD calculations are still restricted to small values of
the recoil. In this Thesis, in fact, we will make use of lattice computations in final form for B — D/{v
decays [71] and for the B — D*{v ones [55], whose results are available at non-zero, although small,
recoil. E] Our fundamental assumption relies on a different treatment of the lattice results and of the
experimental measurements. To be more specific, our approach is to use lattice calculations alone,
combined with unitarity, to determine the dependence of the FFs on the momentum transfer. Then,
we compute the theoretical expectations of the differential decay widths, to be compared with the
experiment in order to determine |V|. In what follows, we will treat separately the B — D{v and
the B — D*{v cases separately. Moreover, we will extend our analysis to other semileptonic heavy-
to-heavy B decays, namely the B, — Dg*)ﬁu transitions. This study, in fact, will allow us to obtain
new exclusive determinations of the CKM matrix elements |V, as well as to develop further tests of
LFU.

4.1 |Vu| and R(D) from B — D/{v decays

Here we study semileptonic B — D decays in order to extract |V,| and the ratio R(D) through the
DMM. The inputs are the FNAL/MILC data [71], summarized in the Table There exists another
lattice computation performed by the HPQCD Collaboration [73], however the HPQCD values of the
FFs are compatible with the FNAL/MILC results within larger uncertainties. For this reason, they
will not be considered in the following. For what concerns the susceptibilities, we use the results of
our non-perturbative lattice computation, whose basic ideas have been described in Appendix [D] and
whose results are contained in the last column of Table

In order to write down the matrices in Eq. (or, equivalently, in Eq. for fi 0(2), we need
the following kinematical functions

8 16 (1+2)*V1—2
bi(2) = mB\/;[(1+T)(1_Z)+2\/;(1+Z)]5, (4.1)

'Note that, in the latter case, new results of LQCD computations of the FFs are expected by the JLQCD Collabo-
ration |72].

37
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] | FNAL/MILC data |

() 1.1994(095)
£4(1.08) 1.0941(104)
£4(1.16) 1.0047(123)

fo(1) 0.9026(072)
£0(1.08) 0.8609(077)
fo(1.16) 0.8254(094)

Table 4.1: Values of the LQCD computations of the FFs f, o(w) as reported by FNAL/MILC Collab-
oration in [71].

N (1 2y, /16 (1-2*)V1—=z
Pl = T (=) + 2 ) 42

with 7 = mp/mp. Note that they coincide with the expressions (3.45) under the choices ¢*> = 0 and
ny = 2. Each of these kinematical functions is then modified according to Eq. (5.6)) using the poles in
Table III of [69).

0.9
0.8f

0.7F

0.6 . . . . . . z
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Figure 4.1: The bands of the FFs entering B — D{lv decays computed through the DMM. The colour
code is (lower) violet band for fo(z), (higher) gray one for fi(z). The blue points are the FNAL/MILC
data [71], summarized in Table 4.1

In Fig.[£.1] we show the bands of the FFs resulting from the DMM. In order to obtain these bands
we had to use the sceptical approach, since only the ~ 15% of bootstraps is accepted. Following
the prescription described in the previous Section and extracting 100 values of r (common to both
FFs), we are able to recover all the generated bootstraps, which then contribute to the final bands
of the FFs. The extrapolation at z,,, is crucial in order to analyse experimental data. The matrix

description gives the result
f(Zmaz) = 0.674 £ 0.026, (4.3)

which is compatible with the Light Cone Sum Rule (LCSR) estimate [74]

f(zmax)LCSR = 0.65 £ 0.08.
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4.1.1 Extraction of |V

In order to obtain an updated value of |V| from B — D decays, we put together our description
of the lattice FFs in the whole kinematical range and the experiments. Let us briefly describe the
experimental state-of-the-art. The most recent measurement of the differential decay width dI'/dw,
see Eq. for its theoretical expression, has been performed at Belle [75]. In Table II of this work,
the authors report the results of the measurements, dividing the kinematical region into 10 bins in the
recoil variable w. The correlation matrix of the systematic errors is also given. Following the procedure
used in [76] to extract |V4| and |V.s| in the case of the semileptonic D — wfr and D — K/{v decays,

we then re-express Eq. (3.9) as

dl’ 2473
Vool = 4| =1 X - . (4.4)
C dg?' ™ " GEntw ooP| fH ()3,

Hence, we generate Np,o,; bootstraps of the experimental differential decay width for every bin in w
through a multivariate Gaussian distribution and similarly we extract Ny, bootstrap events for the
FFs fi o(w) for each of the bins w; (i = 1,---,10). The mean value and the covariance matrix of the
distribution can be directly computed through our DMM. Finally, we compute |V| for each recoil bin
through the expression .

Let us now fix a particular bin. In order to extract a mean value and uncertainty for |Vg|, we
fit the histogram of these events with a normal distribution and save the values of the corresponding
marginalized parameters. We then have 10 values of the CKM matrix element, one for each w bin.
In order to compute the average of these quantities by taking appropriately into consideration the

correlations, calling C the covariance matrix and |Vg|; (i =1, -+ ,10) the values of the CKM matrix
element for each bin, it is sufficient to compute [77]
10 -
>ij=1(C ij Vel 2 1
|Vcb‘ = 10 1 ) O-\Vcb\ = =10 [ ~—1\ - (45)
Zi,j:l(c )z’j Zi,j:l(c )ij

The above formulse can be used since the distributions of the bootstrap events of |V, for each bin
are approximately Gaussian. Now, the application of Eq. (4.5)) gives us the following result for |Vy|

[Vip| x 10 = 41.0 + 1.2, (4.6)

which is compatible with the most recent inclusive determination |Vep|ina = (42.16 + 0.50) - 1072 [30]
at the 0.90 level. In Fig.[d.2] we show the 10 values of the CKM matrix element, one for each w bin,
and the final band corresponding to Eq. (4.6)).

4.1.2 Determination of the R(D) ratio

Finally, let us compute a theoretical estimate of the ratio R(D), defined in Eq. (3.1). Since in the
B — D case we have only two FFs to deal with, we can write the rather compact expression

mp—mp)? - m? 2 m? m2 m2 2 3m2 f2(q>
i a3 (1- 28) 1+ g e (1- 22)" 2
mp—mp)? N
Sy dg? o P £ (a?)
where m. is the mass of the 7 lepton and we have considered the electron and the muon as massless.
Using the bootstrap events for the FFs extracted as explained before, we compute Ny values of the

R(D) = ; (4.7)
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| Vel
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Figure 4.2: Values of the CKM matriz element |Vy| resulting from the combination of the sceptical

matriz description of the FFs and the experimental data by Belle. The orange band represents the
result of the weighted mean described in the text.

ratio R(D), and fit the histogram of these events with a normal distribution, in order to obtain the
expectation value and the uncertainty, as in Fig.[4.3] Our prediction is

R(D) = 0.296 £ 0.008.

50+ AN
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Figure 4.3: The orange bins represent the PDF of the bootstrap events for R(D). The dashed blue curve is the
best Gaussian fit of the bootstraps themselves.

4.2 |V, and R(D*) from B — D*(v decays

Let us now apply the non-perturbative DMM to the semileptonic B — D*fv decays. At present,
the inputs for our matrices are the final results of the LQCD computations of the FFs provided by
the FNAL/MILC Collaborations . There, in the ancillary files, the authors give the synthetic
values of the FFs g(w), f(w), F1(w) and Fa(w) at three non-zero values of the recoil variable (w — 1),
namely w = {1.03,1.10,1.17}, as well as their correlations. The FF Fy(w) is directly related to the
pseudoscalar FF P; (w), which we will refer to hereafter, through the relation P (w) = Fa(w)+/r/(1471),
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where 7 = mp+/mp. All the FNAL/MILC inputs are summarized in Table[t.2] Recall that these FFs
have been introduced in Eqgs. (3.1443.17)).

y | FNAL/MILC data | | | FNAL/MILC data |
9(1.03) (GeV~1) 0.372 (14) F1(1.03) (GeV?) 18.85(36)
9(1.10) (GeV™1) 0.331(13) F1(1.10) (GeV?2) 17.67(42)
g(1.17) (GeV™1) 0.291(17) F1(1.17) (GeV?) 16.62(67)

£(1.03) (GeV) 5.80(11) P1(1.03) 0.978(29)
£(1.10) (GeV) 5.52(11) P;(1.10) 0.860(29)
F(1.17) (GeV) 5.27(16) Pi(1.17) 0.763(39)

Table 4.2: Values of the LQCD computations of the FFs g(w), f(w),F1(w) and Pi(w) as reported by
FNAL/MILC Collaborations in [55].

In order to write down the matrices in Eq. (3.43)) (or, equivalently, in Eq.|C.3)) for the four FFs of
interest, we need the following kinematical functions

or(z) = 4 n:%\/g (1+ r)((11+—2))(1+_2f/)iz +2)"

¢g(2) = 16 7“2\/377T V== [(1+ r)((11 - z)) +2v/r(1+ 2))*
) = A A v e T N
op(2) = 16(1+ 7°)7"3/2\/; VI—z[(1+ r)((ll J: z)): 2y/r(1 +2)]"

As for the B — D channel, the locations of the various Bg*) poles are taken from Table III of Ref. [69]
and the values of the susceptibilities are shown in the last column of Table

At this point, we start from a total of 12 data points for the FFs and generate a sample of 10°
bootstrap events according to the given correlations. Then, we apply the unitarity filters of the DMM
to all the FFs. They are satisfied only by a reduced number of bootstraps, namely the percentage of
the surviving events is ~ 1% after imposing the three unitarity constraints on g, P; and (f, 7). It
is thus necessary to implement one of the procedures explained in the previous Section in order to
increase the percentage of the accepted events. We choose the iterative procedure to achieve this goal.
For this reason, on the subset of surviving events we recalculate the mean values, uncertainties and
correlations of the FFs. The changes in the mean values and uncertainties turn out to be quite small,
while the application of the unitarity filters has its major impact on the correlations among the FF's.
We then repeat the generation of the bootstrap sample using the new input values and we apply again
the unitarity filters. The overall procedure is iterated until the percentage of the accepted bootstraps
is 2> 95%.

Recall that we have also to impose the two KCs that relate the FFb fand F; at w = 1 and
the FFs 1 and P, at w = wpae = (1 +72)/(2r), shown in Egs. (3.18 - We apply again the
iterative procedure to increase each time the percentage of surviving events after imposing these filters,
requiring again a fraction of surviving events = 95%. The resulting dispersive bands of the FFs are
shown in the whole range of values of the recoil w in Fig. [£.4] In particular, the extrapolations of the
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FFs at w = wyqz read

f(Wmae) = 4.19£0.31 GeV (4.9)
9(Wmaz) = 0.180£0.023 GeV !, (4.10)
F1(Wimaz) = 11.041.3 GeV? (4.11)
Pi(Wmaz) = 0.41140.048 . (4.12)

Our results can be compared with the results coming from LCSR at ¢> =0. In , the theoretical
predictions are given in terms of the FFs V| A}, Ay, appearing in the matrix element (3.12). Thanks
to Egs. (3.1443.17)), their results can be rephrased as

f(wma:c)’LCSR = 4.37+0.66 GeV N
9(Wmaz)lLcsr = 0.19£0.04 GeV™!
F1(Wmaz)|lLcsr = 16.0£2.1 GeV? .

While the results for f(wpmqz) and g(wmqz) are compatible to each other, wee see a ~ 20 tension in
F1(Zmaz)- This will have an important impact in the determination of both |V| and the R(D*) ratio.
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Figure 4.4: The bands of the FFs g(w), f(w), F1(w) and Py(w) computed by the DMM after imposing both the
unitarity filter and the two KCs -. The FNAL/MILC values used as inputs for the DMM are
represented by the black diamonds.

Let us now discuss in detail the hypothesis of Gaussianity of the distribution of the bootstrap
events of the FFs. In other words, let us discuss why the assumption that the distribution of the
surviving events is Gaussian is a good approximation. We point out that the percentage of surviving
events rapidly increases towards 100% after applying the Gaussian approximation at each step of the
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iterative procedure. This is reassuring concerning the impact of the deviations from Gaussianity. In
fact, if the filters would produce a non-negligible amount of non-Gaussian events (probably in the tails
of the multivariate distribution), we would have observed a slow increase of the surviving events after
each iteration and a saturation of the final percentage significantly below the 100% level.

We have performed a further check concerning the iterative procedure. Since the number of
surviving events after the application of both the unitarity filters and the KCs is very limited, we have
increased significantly the initial number of events from 10 to 107. In this way after the first iteration
the number of surviving events is >~ 2500, which may represent an acceptable size of the sample. In
Fig.m we compare the DMM bands obtained after the first iteration starting from 107 events with
those previously shown in Fig.[4.4] i.e. after the fifth iteration corresponding to a final sample with
10° events. The differences are quite limited.
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Figure 4.5: The bands of the FFs g(w), f(w), F1(w) and Py(w) computed by the DMM after the first iteration

starting from 107 initial events (corresponding to ~ 2500 surviving events) and after the fifth iteration (corre-

sponding to a final sample with 10° events). The black diamonds represent the FNAL/MILC values [55] used
as inputs for the DMM.

4.2.1 Extraction of |V

Let us now use the dispersive bands of the FFs to extract |V| from the experimental data. For
what concerns the experimental state-of-the-art, at present we have at our disposal two different
measurements of the differential decay widths, both performed by the Belle Collaboration .
The authors report the results of the measurements of the differential decay widths dI'/dx, where x
is one of the four kinematical variables of interest (z = w, cos @, cos,,x), by dividing the available
region for each variable into 10 bins. The numerical values of these bins can be found in Table II
of . Recall that the various helicity angles are defined in Fig.|3.2
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Hence, we have globally 40 points for each of the two different measurements [37,/78]. The cor-
relation matrices of the errors are also presented for both the measurements. Our strategy is thus
the following. First of all, we compute the Ny, bootstraps of theoretical dI'/dx from the expres-
sion using the dispersive bands of the FF's, i.e. by generating Np.; values of the FFs for each
of the experimental bins through a multivariate Gaussian distribution. Then, we also generate an
independent set of Ny, bootstrap values of the experimental differential decay widths for all the
bins. For each of them, we fit the histogram of the resulting Ny, estimates of |V;| with a normal
distribution and save the corresponding mean value and uncertainty. Thus, we find 10 values of the
CKM matrix element for each of the four kinematical variables (w, cos 6;, cos 8,, x) and for each of the
two experiments [37.|78], which are then averaged through the Eq. .

In Fig. we show the bin-per-bin distributions of |V,| for each kinematical variable x and for
each experiment, together with their final weighted mean values. The latter ones are collected also
in Table together with the corresponding values of the reduced x?-variable, x?/(d.o.f.), being the
number of d.o.f. equal to 9. The important issue is that anomalous underestimates of the mean values
of |Vep| can be observed in the case of some of the variables z, which correspond also to large values
of the reduced y2-variable. This effect is well-known in literature and has been studied by Giulio
D’Agostini in [79]. According to him, it can happen that ”best fits to data which are affected by
systematic uncertainties on the normalization factor have the tendency to produce curves lower than
expected if the covariance matrix of the data points is used in the definition of the x2”. In particular,
this bias becomes unacceptable if the normalization error is large or a large number of data points are
fitted.

experiment || |Vg|(z = w) |Vep| (2 = cosb)) |Vep|(z = cosby) Ve (z = x)
Ref. [37] | 0.0399 (12) 0.0411 (16) 0.0416 (16) 0.0414 (17)

x%/(d.o.f) 1.72 1.10 1.21 1.45
Ref. [78] 0.0392 (9) 0.0399 (13) 0.0393 (11) 0.0418 (13)

x%/(d.o.f) 1.62 2.41 3.77 0.79

Table 4.3: Mean values and uncertainties of the CKM element |Vy| obtained by the correlated average

for each of the four kinematical variables x and for each of the two experiments [37,78] adopting the original

covariance matrices of the Belle experiments. The corresponding values of the reduced x*-variable, x?/(d.o.f.),
are also shown.

We now illustrate a procedure that helps to overcome the possible aforementioned underestimation
of |V|. For each of the two Belle experiments, we consider the relative differential decay rates given
by the ratios (dI'/dx)/T" (where again x = w, cos 0, cos 8, x) for each bin by using the experimental
data. In this way, we guarantee that the sum over the bins is exactly independent (bootstrap by
bootstrap) of the choice of the variable x. Hence, we compute a new correlation matrix using the
bootstrap events for the ratios (dI'/dz)/T". The new correlation matrix has, by construction, four
eigenvalues equal to zero, because the sum over the bins of each of the four variables x is always equal
to unity. In other words, the number of independent bins for the ratios is 36 and not 40 for each
experiment. Then, a new covariance matrix of the experimental data is constructed by multiplying
the new correlation matrix by the original uncertainties associated to the measurements.

At this point, we repeat the whole procedure for the extraction of |V| using the new experimental
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Figure 4.6: The bin-per-bin estimates of |Vep| and their weighted means for each kinematical variable x and for
each experiment adopting the original covariance matrices of the Belle experiments. The blue squares and the
red circles correspond respectively to the first and to the second @ set of the Belle measurements. The
dashed blue (red) bands are the weighted averages in the case of the blue squares (red circles) for each variable

covariance matrices. In Fig. @We show the new bin-per-bin distributions of |V,;| for each kinematical
variable z and for each experiment, together with their final weighted mean values. The latter ones
are collected also in Table A drastic improvement of the values of the reduced y2-variable is
obtained for each of the kinematical variable z and for each of the two Belle experiments.

experiment || [Vip|(z =w) | [Va|(z = cosfy) | [Vip|(z =costy) | [Vep|(z = X)
Ref. |37 0.0405 (9) 0.0417 (13) 0.0422 (13) 0.0427 (14)

X2 /(d.o_.f.) 1.01 0.89 0.66 0.72
Ref. |78 0.0394 (7) 0.0409 (12) 0.0400 (10) 0.0427 (13)

X2/(d.o_.f.) 1.21 1.36 1.99 0.38

Table 4.4: The same as in Table but using the new experimental covariance matrices described in the text.

Then, the eight mean values of |V| in Table have to be averaged to obtain a final estimate.
In order to avoid that the D’Agostini bias may affect our final result, we have decided to follow the
conservative strategy described in Ref. . To be more specific, we assign to all the |V;| estimates
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Figure 4.7: The same as in Fig. but using the new experimental covariance matrices described in the text.

in Table the same weight. Let us now define K = |V;| to simplify the discussion. We assume
that the observable & has a distribution f(x) given by f(x) = (1/N) Zivzl fu(k). Here fi,(k) is the
distribution provided by the bootstrap sample related to the k-th determination of the CKM matrix
element, which is then characterized by central value k; and standard deviation 0. Thus we estimate
the central value and the error for the observable x through the mean value and the standard deviation
of the distribution f (), which are given by the formulae

1 N
e = NZ/%, (4.13)
k=1
1 & 1
o2 = N;agjLN;(nk—uﬁ)?, (4.14)

where the second term in the r.h.s. of Eq. (4.14) accounts for the spread of the values of |V corre-
sponding to the various kinematical variables and experiments. We obtain for each of the two Belle
experiments the averages

V| = (41.8+1.5)-107%  Ref. (4.15)
= (40.8+1.7)-107%  Ref. (4.16)

and by combining the two Belle experiments the final estimate

V| = (41.3+£1.7) - 1073 | (4.17)
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which is compatible with the most recent inclusive determination |V |ine = (42.16+£0.50)-1073 [30] at
the 0.50 level. Without the modification of the experimental covariance matrices (i.e. using the eight
mean values shown in Table the final estimate of |V| would have read

V| = (40.5 £ 1.7) - 1073,

which is still compatible with the most recent inclusive determination at the 1o level.

At this point, let us note that there is another way to determine an exclusive value of |V| from
semileptonic B — D* decays. Starting from the unitarity bands of the FF's plotted in Figure 4.4} we
can compute the theoretical expectation of the total decay width and we can then compare it with
its measurements. From the experimental point of view, in fact, the Belle Collaboration has given its
estimate of the branching ratio of semileptonic B — D* decays for each of the two analyzes, namely
B(B — D*{v) = (4.9540.1140.22) x 1072 [37] and B(B — D*{v) = (5.0440.02+0.16) x 10~2 [78/)81].
Taking into consideration these values, our final results of the study of the total decay width read

V| = (429+£1.8)-107%  Ref. [37] (4.18)
= (43.3+1.6)-107%  Ref. [78,[81] (4.19)

Note that these values are by construction independent of all the correlations coming from the theory

or from the experiment, since it is based on the analysis of the total decay width. Moreover, the values

in Eq. and Eq. are compatible with the results coming from the study of the differential

decay widths, namely the values in Eq. and Eq. , respectively. According to us, this

agreement is a strong indication of the robustness of our final estimate of |V,;|, shown in Eq. .
Going back to Fig. [1.7, few comments naturally follow:

a) in the top left panel the value of |V;| exhibits some dependence on the specific w-bin. The value
obtained adopting a constant fit is dominated by the bins at small values of the recoil, where
direct lattice data are available and the lenght of the momentum extrapolation is limited;

b) in the bottom left panel the value of |V | deviates from a constant behavior, as it is also signaled
by the large value of the corresponding reduced y?-variable for the second set of the Belle mea-
surements. Instead of a constant fit, we try a quadratic one of the form |Vy| [1 + 6B cos?(6,)],
suggested by the structure of the differential decay rate dI'/dcos(6,) within the Standard Model.
If the dependence of the experimental and theoretical decay rates upon cos(6,) were the same,
then the parameter § B would identically vanish. Instead we get a non-vanishing value of the
parameter § B, namely: |Vy| = (41.1+£1.4)- 1073 and §B = 0.144 4+ 0.074 for the first set [37] of
the Belle measurements, and |V,,| = (40.8 £ 1.0) - 1072 and 6B = 0.184 %+ 0.050 for the second
set [78]. The values of |V,;| are consistent with each other and also with the corresponding values
obtained adopting a constant fit and shown in the fourth column of Table [4.4]

Both observations may be related to a different w-slope of the theoretical FFs based on the lattice
results of Ref. [55] with respect to the Belle experimental data [37,78]. This crucial issue (a kind of a
new slope puzzle) needs to be further investigated by forthcoming calculations of the FFs at non-zero
recoil expected from the JLQCD Collaboration as well as by future improvements of the precision of
the experimental data.

In conclusion, let us highlight the main features of our procedure to extract |V | from exclusive
experiments. First of all, contrarily to other analyses present in literature, we choose to keep distinct
the lattice and the experimental data. In other words, only LQCD computations are used in order to
derive the allowed unitarity bands of the FFs as functions of the recoil thanks to the DMM. This is a
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key issue since, by construction, theoretical computations of the FFs on the lattice are SM-like. This
is not guaranteed for the experimental data which, in principle, can contain NP contributions. Thus,
the experimental measurements are considered only for determining bin-per-bin estimates of |Vyp|. It
can happen that the values of |V;| deviate from a constant behavior and this will be signaled by a
large value of the reduced x2-variable. This is in fact the case for the dI'/dcos(f,) distribution. As
clearly discussed above, in that case the substitution of a constant fit with a quadratic one does not
change the final value of |V|, while pointing towards the existence of a different bin-dependent NP
effect. This is demonstrated by the non-vanishing values of the B parameters. Secondly, in our study
the pseudoscalar FF P;(z) plays a central role in the determination of |V;|, although not explicitly
appearing in Eq. in the massless lepton limit. In fact, the KC allows us to constrain the
F1(w) band obtaining a better precision in the region not explored by lattice computations, i.e. at
large values of w.

4.2.2 Determination of the R(D*) ratio and the polarization observables

By using the unitarity bands of the FF's we can compute the pure theoretical expectation values of the
ratio R(D*), defined in Eq. , as well as some polarization observables, namely the 7-polarization
P.(D*) and the longitudinal D*-polarization F7,(D*). The expressiopns of these latter quantities in
terms of the FFs can be read directly from [69,82,[83]. Our final results thus read

R(D*) = 0.275+0.008 , (4.20)
P.(D*) = —0.52940.007, (4.21)
Fr(D*) = 0.41440.012 (4.22)

to be compared with the experimental values

R(D%)|exp = 0.29540.011 4+ 0.008 Ref. [40] , (4.23)
Po(D")|exp = —0.3840.51752 Ref. [84] , (4.24)
Fr(D*)|exp = 0.60+0.08 +0.04 Ref. [85] . (4.25)

While the theoretical and the experimental values of Pr(D*) are in agreement (mainly due to the larger
experimental uncertainty), the compatibility for R(D*) and Fr(D*) is at the ~ 1.30 and ~ 2.10 level,
respectively. Note that the R(D*) anomaly results to be smaller with respect to the ~ 2.50 tension
stated by HFLAV Collaboration [40]. In conclusions, our findings are summarized in Fig.

4.3 The DMM applied to the B; — Dg*)&/ decays

In this Section we will apply the DMM to semileptonic B; — Dg*)ﬁu decays. From the theoretical

point of view, these transitions are completely equivalent to the B — D™y ones, the only difference
is that the quark spectator is a strange quark rather than a light one. In particular, one can define
the FF's of interest for these transitions in a completely analogous way to Eqgs. and (3.12). For
reasons of clarity, we will denote the FFs entering in semileptonic B, — Ds~fv with a s superscript.
Note that these transitions are very important since they allow us to obtain complementary exclusive
determinations of |V;| and to further test LFU in AB = 1 transitions.
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Figure 4.8: The contour plots of the DMM results for the ratios R(D) and R(D*), obtained respectively
in Ref. [3] and in this work, compared with those corresponding to the experimental world averages from
HFLAV [40].

4.3.1 LQCD computations of the FFs and application of the DMM

The FF's entering semileptonic By — Dg*)ﬁug decays have been computed on the lattice by the HPQCD
Collaboration in Refs. [86,87], where the authors have made available the results of BCL fits of the FFs
extrapolated to the physical b-quark point and to the continuum limit. The BCL fits of Refs. [861/87]
provide the FF's in their whole kinematical range, but, as far as statistical and systematic effects are
concerned, LQCD computations are more precise and accurate at high values of ¢g?. Moreover, we want
to use our DM method in order to extrapolate the shape of the FFs in their whole kinematical range,
minimizing in this way the impact of any assumption about the momentum dependence of the FFs.
Therefore, we select only three values of ¢? in the high-¢? regime, namely at ¢* ~ {0.7,0.85,1.0} - ¢2,,..,
where ¢2,,, = 11.6 GeV? for the By — D,y decays and ¢2,,, = 10.6 GeV? for the B, — D*{v; decays.
Thus, from the marginalized values of the BCL coefficients we reconstruct the FFs in the high-¢? regime
in order to use them as inputs for the DM method. The mean values and uncertainties of the LQCD
inputs are collected in Table[d.5| for the By — D,lvy decays and in Table[d.6] for the By — D}y,
decays.

> (GeV?) f3(Bs — D) f5(Bs — D)
8.5 1.021(28) 0.834(12)
10.0 1.108(34) 0.873(13)
11.6 1.209(41) 0.917(15)

Table 4.5: Values of the vector fi(q*) and scalar f5(¢*) FFs for the By — Dyl decays, evaluated at g* =
{8.5,10.0,11.6} GeV? using the BCL fit computed by the HPQCD Collaboration in Ref. [86].

We now apply the DM approach to the description of the FFs entering the semileptonic By —

Dg*)ﬁug decays. The non-perturbative values of the dispersive bounds corresponding to the b — ¢
transition are the same ones adopted for the semileptonic B — D™){v decays, namely the ones in the
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¢ (GeV?) f5(Bs — D) 9°(Bs — DY) F5(Bs — D) P§(Bs — D)
7.1 5.40(22) 0.341(35) 18.01(75) 0.781(42)
8.9 5.73(22) 0.369(38) 18.91(70) 0.861(45)
10.6 6.09(22) 0.401(44) 19.81(73) 0.949(51)
Table 4.6: Values of the FFs f%,g°,F; and P for the B, — D:lv, decays, evaluated at ¢*> =

{7.1,8.9,10.6} GeV? using the BCL fit computed by the HPQCD Collaboration in Ref. [87]. The FF P is
dimensionless, while the FFs ., g° and F5 are given in units of GeV, GeV~=' and GeV?, respectively.

last column of Table The kinematical functions associated to the semileptonic FFs reads

2ng (1—-2%)/1—=2

o0 = H(-rHy = [(1+r)(1—2)+ 2071+ 2)]" (4.26)
P11 (=0) = ir(jj 2?:::[(1+r)8j22+;\;?§1+z)]5
with r = mp, /ms,, and
Y
G20 = 47?:;39\/?;[(1+T*)((11+—Z2)(1+2%(1+z)]4’
bge(2) = 1617 ;frm[(lﬂ*)((l:?):%/ml“)r,
T n z — 2)5/2
om0 = 5 T TRErEv= = e
$pa(2,0) = 8(1”*)riﬂ\/z?m[(1+r*)((i?)2+2¢ﬁ(1+z)]4

with 7, = mpx/mp,. In Egs. — ny is a factor counting the number of spectator quarks
and it is equal to n; = 1 for the By — Ds*)ﬁl/g decays [63]. For what concerns the poles, we refer to
Appendix A of Ref. [86] for the B; — Dslvy decays and to Table XII of Ref. [87] for the B; — D}y,
decays.

At this point, we can implement the unitarity filters and the kinematical constraints in the DMM
framework through a bootstrap analysis. For both decays the 100% of the generated bootstraps
survive to the unitarity filters and this holds as well for each separate spin-parity quantum channel.
The above results are not surprising. Indeed, the values of the dispersive bounds in Table are
very conservative ones, since they sum up the contribution of all spectator quarks, both the light -
and d-quarks as well as the strange and the charm quarks. Thus, assuming small SU(3)r breaking
effects in the FFs, we consider the alternative case in which the kinematical functions —
are evaluated using n;y = 3. This is equivalent to leave unchanged all the kinematical functions, but
to divide the dispersive bounds by three. The net result is that, as in the previous case, almost the
100% of the generated bootstraps survive to the new unitarity filters. Therefore, neither the skeptical
nor the iterative procedures described in the previous Chapter need to be applied.

The resulting DM bands of the FFs are shown in Figs.[4.9 and [£.10] The extrapolations of the
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FFs at maximum recoil, which are important for the phenomenological applications which will be
discussed in a while, read

(4.28)
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and
fowh.) = 4.42+0.30GeV, (4.29)
g*(wh,,) = 0.26140.044GeV 1, (4.30)
Fi(wh,,) = 14.9+1.3GeV?, (4.31)
P (w)hae) = 0.55140.048 , (4.32)

which are consistent with the values of the BCL fits performed by the HPQCD Collaboration in
Refs. [86/,87], as shown in Figs.|4.974.10

4.3.2 Determination of |V

As far as the experimental measurements are concerned, the integrated branching fractions for both
the Bs — Dslvy and the By — D%y, processes have been determined in Ref. [88]. This allows us to
determine |V| for the two channels using the theoretical estimate of the branching ratios based on
the DM bands of the semileptonic FFs.

In Ref. [88] the LHCb Collaboration provided also a set of data concerning the differential decay
rate dI'(Bs — Dg*)fw)/dpb where p, is the component of the final Ds-meson momentum (i.e.,
after the strong decay of the D¥-meson in the case of the By — D¥*{v, decays) perpendicular to the
flight direction of the Bs-meson. The LHCb Collaboration carried out its own estimate of |V| by
performing fits of the experimental data on dI'(Bs; — Dg*)&/g) /dp, based on either CLN or truncated
BGL parameterizations of the semileptonic FFs. We make use of the latter fit to reconstruct the
experimental data for dI'(Bs; — Dg*)él/g) /dw and to get a further determination of |V|.

Moreover, in Ref. [89] a different LHCb analysis produced the values of the unfolded decay widths
for the By — D} {v, processes integrated in seven w-bins and normalized to the total decay rate. These
data, together with the total branching fraction from Ref. [88], allow us to determine |V,;| adopting
a bin-per-bin strategy, analogously to the B — D™ cases.

Let us examine these three different strategies in detail.

e |V| from the integrated branching ratios of the B, — Dg*)ﬁyg decays

The LHCb Collaboration has measured the ratios of the branching fractions of the semileptonic
B — Dg*) pv decays with respect to the B — D™y ones [88]. These measurements read

B(Bs — Dsuv)

1.09 £0.05 £ 0.06 £0.05 = 1.09 £ 0.09 4.33
B(B — Duv) ’ (433)

B(Bs — Diuv)

B(B = D) 1.06 £ 0.05 £ 0.07 £ 0.05 = 1.06 £ 0.10 , (4.34)

where the first error is statistical, the second one is systematic (including the uncertainty related to
the choice of the CLN or BGL parameterization) and the third one is due to uncertainties of external
inputs used in the measurements. Note that the LHCb data indicate that SU(3)r breaking effects
on the branching ratios do not exceed the ~ 10% level. Then, the LHCb Collaboration adopted the
measured values of B(B — D™ uv) from PDG [90] to determine for the first time the branching ratios

B(Bs — Dg*),w/), obtaining

B(B, — Dypv) = (2.49+0.1240.14 +0.16) - 1072 = (2.49 +0.24) - 102, (4.35)



4.3. THE DMM APPLIED TO THE Bs — DYty DECAYS 53

B(Bs — Dipv) = (5.3840.25+0.46 +£0.30) - 1072 = (5.38 = 0.60) - 102 , (4.36)

where the third error includes also the uncertainty related to the normalization of the branching

fractions.
Using the latest PDG value for the Bs-meson lifetime, 75, = (1.516 +0.006) - 10712 s [90], one has

e By & Dyw) = (1.08£0.10) - 107 GeV (4.37)
rHHC(B, & Dfuy) = (2.34+£0.26) - 1071 GeV . (4.38)
Thus, since

S

(B, — DY uw) = /dq2il;(Bs — D)

we can use the DM bands for the FFs given in Figs.[£.9] and to estimate the theoretical value of
the total decay widths modulo |V,|?, obtaining

[T(Bs = Do) /|Vis|?]™ = (6.04+0.23) - 1072 GeV (4.39)
* DM
[0(Bs = Dipw)/|Vap|?]

In this way from Eqgs. (4.37)) -(4.38]) we get the values
V| -10° = 423+21 from By, — Dlvy decays , (4.41)

= (1.39£0.11)- 107! GeV . (4.40)

= 41.0£28 from By — Dilvy decays . (4.42)

e |V| from the differential decay rates of the B; — Dg*)ﬂug decays

In Ref. [88] the LHCb Collaboration fitted the p, distribution for both the B; — Dsfvy and
the By — D?lv, processes by describing the semileptonic FFs either through a CLN or a truncated
BGL parameterizations. The experimental data are not presented explicitly. Instead, the LHCb
Collaboration provides the results of their own fits of the experimental data, i.e. their estimate of |V
and of the marginalized values of the parameters entering the CLN or the BGL parameterizations,
together with the correlation matrix relating all these quantities to each other.

Using the results of their BGL fit we can reconstruct the experimental values of the differential
decay width dI"*P(B; — Dg*)m) /dw in a series of 14 values of the recoil w. Then, using the DM
bands for the FFs given in Figs.[4.9] and we evaluate the corresponding theoretical expectations
modulo |Vy|?, i.e. dTPM(B, — Dg*)ﬁug)/dw, to get a bin-per-bin estimate of |V, viz.

[aree jqw;
R T =1,2,...,14 . 4.4

The results for |V|; are shown in Fig. as the black dots.
Using Eq. (4.5) with Npins = 14, we determine the value of |V| from a constant fit, obtaining the
results

V| -10° = 424419 from By — Dglvy decays , (4.44)
= 419422 from Bs — D}y, decays , (4.45)

shown in Fig.[f.11] as the red bands.
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Figure 4.11: Bin-per-bin estimates of |Vey| given by Eq. (4.45) using the LHCb data of Ref. [88] for the
Bs — Dslyy (left panel) and Bs — D*lvy (right panel) decays. The red bands correspond to the results

(left panel) and (right panel) obtained from the constant fit.

e |V| from the B; — Dilv, data of Ref. [89]

In Ref. [89] a different LHCb experiment has provided the values of the ratios

A AT';(Bs — Dipv)
Ty =
/ ['(Bs — D*uv)

i=1,2,..,7 (4.46)

between the decay rate AT'j(Bs — D} uv) integrated in each of seven w-bins with the total decay rate
I'(Bs — D*uv). The experimental data are collected in Table and compared with the corresponding
predictions of the DM method based on the FFs of Fig.[£.10] obtained starting from the lattice inputs
of Table.6l Our DM results turn out to be consistent with the corresponding ones calculated by
HPQCD Collaboration in Ref. [87].

j-bin 1 2 3 4 5 6 7
Aw; 0.1087 0.0601 0.0524 0.0505 0.0509 0.0588 0.0853

| AP [ 083(12) | 0.44(8) | 0.148(8) | 0.128(8) | 0.17(7) | 0.122(6) | 0.158(9) |
| APPM [0.1942(82) | 0.1534(45) | 0.1377(28) | 0.1280(18) | 0.1212(20) | 0.1241(40) | 0.1405(110) |

Table 4.7: Values of the ratios Ar; given in Eq. for each of the seven experimental w-bins of Ref. [89].

The w-bins and their widths Aw; are given in the second and third rows, respectively. The forth row collects

the experimental data from Ref. [89]. The last row corresponds to the theoretical results obtained using the FFs
shown in Fz'g. and determined by the DM method starting from the lattice inputs of Table.

In Fig.[4.12| the differential decay rates Ar;/Aw; = (AI';/Aw;)/T" are compared for each of the
seven w-bins with the corresponding experimental data of Ref. [89]. It can be seen that the shape of
the theoretical predictions is consistent with the one of the experimental data within ~ 1 standard
deviation.
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Figure 4.12: The differential decay rate Ar;/Aw; = (AT';/Aw;)/T, integrated for each of the seven experi-

mental w-bins of Ref. [89] and normalized by the total decay rate, versus the recoil variable w. The red dots

represent the LHCb experimental data of Ref. [89], while the black triangles are the predictions based on our
DM approach starting from the lattice inputs of Table@.

Using the experimental value (4.38)) for the total decay rate I'(Bs — D}uv) we can compute the
experimental values of the (partially) integrated decay rate AI'; for each w-bin as

AT — AT]LHCb TVHCY (B D) (4.47)

The covariance matrix Fffp for the decay rates AF;IP is evaluated by considering a sample of events

for the ratios Ar?HCb generated according to the experimental covariance matrix R%jHCb provided in
Ref. [89] and a Gaussian distribution for T"HP(By — D*uv) with mean value T = 2.34 - 10714 GeV
and standard deviation o = 0.26 - 10~ GeV. The latter distribution is uncorrelated with those of

the ratios Ar}fHCb, since it comes from a different LHCb experiment. A simple calculation yields

LHCb [752 2 LHCb A ,.LHCb 2
T — RY [r + gf} + ApPHOb A LHCDG2 (4.48)
Notice that, since the sum of the ratio AT]LHCb over the seven w-bins is equal to unity by construc-

tion, the covariance matrix R%HCb must have a null eigenvalue, so that the number of independent bins
is six. This does not occur for the original covariance matrix provided in Ref. [89]. Thus, we generate
a sample of events for the seven w-bins using the multivariate Gaussian distribution corresponding
to the original covariance matrix of the ratios. Then, for each event we normalize the ratios by their
sum over the bins and recalculate the covariance matrix, which has now properly a null eigenvalue.
In what follows we make use of the corrected covariance matrix RZL]-HCb, though the numerical impact
of the correction on the determination of |V turns out to be negligible.

Using the DM bands of the FFs we now evaluate the theoretical predictions AI‘]»DM (and the

corresponding covariance matrix FgM ) that can be compared with the experimental ones 1) to
obtain the value of |V| for each of the seven w-bins, namely

exp

— J
|Vcb|j = AF]-DM : (4'49)
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The results for [V;|; are shown in Fig. as the black dots. The covariance matrix Cj; for the quan-
tities |Vp|; can be calculated using (uncorrelated) samples of events for AI‘;W and AI‘]-D M generated

according to their respective covariance matrices I'j;"” and FgM )
Finally, we determine the value of |V from a constant fit with Npi,s = 7. This procedure leads
to the result
V| - 10° = 38.6 + 2.7, (4.50)

shown in Fig.[4.13|as the red band. It can be seen that the central value of Eq. (4.50)) lies well below

0.050 T T T T T T T

0.048 |- B, — Dy
0.046 | ]

0.044 |- 1
20042 [ 1
0.040 |-

0.038

0.036 |
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Figure 4.13: Bin-per-bin estimates of |Vey| given by Eq. using the LHCbH data of Ref. . The red and
green bands correspond respectively to the values and . They are obtained by a constant fit, using
for the experimental data ATS™ the covariance matrices (red bands) and (green bands).

the bin-per-bin data. This problem is well-known in literature and it has the same origin of the
one that we have already addressed for the B — D*fv decays. The issue is related to the fact that
best fits to data which are affected by an overall normalization uncertainty (like in our case oy for the
quantities AI‘;W ) have the tendency to produce curves lower than expected if the covariance matrix
of the data points is used in the definition of the y?-variable. In particular, in Ref. it was shown
that in the case of a fit to a constant, a negative bias can be obtained, the absolute size of which is
proportional to the number of degrees of freedom, to the square of the normalization uncertainty (i.e.,

to 02) and to the differences between individual data points (i.e., in our case to the differences among

r
the ratios Ar%HCb) In other words the observed negative bias is due to the term ArLHCbATLHCb 12“

appearing in the r.h.s. of Eq. (4.48 -

The above term, however, is necessary to guarantee the property Zmeb Fezp

2,] 1
from the fact that Zé-v:bif‘s ArFHCP =1 (or equivalently ij:bif‘s AT = Thus, since both the
number of degrees of freedom and the normalization error of cannot be modiﬁed, we neglect the
differences between the ratios ArLHCb in the covariance matrix I‘ffp by adopting the following modified
covariance matrix

= 0%, which follows

1
T = RO [T 4 o2 4+ ——o (4.51)
Nbins

which still fulfills the property ZN"““ Femp = o*%. Using the modified covariance matrix fffp the

ZNotice that also the relation Zf\;""’f RLHCb 0 holds as well, as we have explicitly checked.
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constant fit yields now the result
Vip| - 103 = 41.24+ 24 , (4.52)

shown in Fig.[.13] as the green band. The previous negative bias is now removed.

4.3.3 Lepton Flavour Universality and polarization observables

Analogously to what done for the B — D*)¢v decays, we now compute the theoretical values of the
T/ ratios R(Dg*)), the 7-polarization P-(D¥) and the D} longitudinal polarization Fp(D?) using the

DM bands of the FFs of Figs.[4.9 and and developing a bootstrap analysis. Our results are

R(Dy) = 0.298 (5) , R(D?*) = 0.250 (6) , (4.53)
P(D*) = —0.520 (12), Fp(D?) = 0.440 (16) , (4.54)

which can be compared with the corresponding results obtained before in the case of the semileptonic
B — DW(y, decays, namely R(D) = 0.296 (8), R(D*) = 0.275 (8), Pr(D*) = —0.529 (7) and
Fr(D*) = 0.414 (12). It follows that SU(3)r breaking effects are negligible for all the above quantities
except R(D*) and R(D?), which differ by ~ 10%. Such a difference can be understood as a consequence
of the different shapes of the semileptonic FFs entering the B, — DZ‘S)EW decays.

4.4 Final observations

Let us here summarize our results of the DMM study of semileptonic charged current B — D)y
decays and develop final comments and observations.
For what concerns the CKM matrix element |V, our final results can be summarized as

for the B — D case:

V| x 10° = 41.0 + 1.2; (4.55)
e for the B — D* case:

V| x 10° = 41.3 £ 1.7; (4.56)
e for the By — D, case:

V| x 10% = 42.4 + 2.0; (4.57)
e for the B; — D7 case:

V| x 10° = 41.4 + 2.6. (4.58)

Note that the last two results come from an average of the results and for the semileptonic
Bs; — Dglyy decays and the results (4.42)), (4.45)) and (4.52) for the semileptonic By — DX{lv, decays.
As already stated before, all these determinations are compatible with the most recent inclusive
determination |Vip|ime = (42.16 £ 0.50) - 1073, Let us now compare our value with other exclusive
estimates. From the study of B — D/{v decays, some of the results present in literature are

[Viplewer X 103 = 40.49 £ 0.97 [50] ,
[Veplewer X 103 = 41.0+1.1 [91] ,
[Veplewer X 103 = 40.1+1.0 [92] .
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All these determinations are compatible with and very similar to our result in Eq. , although
in the analyses of Refs. [50,91},/92] the lattice and the experimental data are fitted all together to
constrain the shape of the FFs. We recall that in our study, instead, the two sources of information
are always kept separate. It seems that in this case the two approaches bring to the same final result
for |Vep|. Let us finally highlight that Refs. [50,/92] use also the experimental data [93] published by
BaBar Collaboration in their fits. Despite of this, Ref. [92] explicitly states that the fit is dominated
by the more precise Belle data [75].
On the contrary, some results from the study of B — D*{v decays read

|‘/;b‘excl X 103 = 3961}(1) ’51] s
Viplezer x 103 = 39.56710¢ [94] ,
[Viplewer X 103 = 38.30+£0.8 [92] ,

where the authors had implemented BGL-like analyses of the same experimental data, without the
use of the FNAL/MILC final data in [55]. Moreover, in [55] the authors develop a combined BGL fit
of their LQCD and the experimental data, obtaining

Veplewer X 103 = 38.40 4 0.74 [55] .

All these determinations are compatible with each other, although there is a non-negligible tension with

the inclusive value. Note also that these mean values are quite different from the one in Eq. .

For our understanding, the reason of this discrepancy is the different shapes of the FFs induced

by, on the one hand, the LQCD data plus unitarity and, on the other hand, the measurements of

the differential decay widths. This is a key point and reflects the importance of keeping distinct

the LQCD and the experimental data in B — D*{v de In conclusion, for what concerns the
(4

B — Dg*)ﬂv processes, the final results in Egs. @ -(4.58) are compatible with other exclusive
determinations from these transitions, i.e. |V|"HP- 103 = 42.3+£0.84+0.941.2 = 42.34 1.7 [88] and
|Vep[HPQCD . 103 = 42.7 + 2.3 [87].

Let us summarize our findings for the LFU observables. For what concerns the R(D™*)) anomalies,
in Figure[4.8 we have compared the DMM results R(D) = 0.296+0.008 and R(D*) = 0.275+0.008 with
the corresponding experimental world averages from HFLAV [40]. Our theoretical expectations are
compatible with the experimental averages at the ~ 1.40 level. Let us note that FNAL/MILC
Collaborations have obtained a result for R(D*) which is very similar to ours, namely R(D*) =
0.273 £ 0.010 [55]. As the authors explicitly state in their work, this value is obtained with the
imposition of both the KCs in Egs. —. Now, recalling the theoretical determinations in
Eq. , we note a non-negligible tension between these values and the experimental ones in the
R(D*) case. This is again due to the different slopes of the FFs induced by experiments with respect
to the ones dictated by the combination of LQCD data plus unitarity. We have also determined the
DMM estimates of the ratios R(Ds) = 0.298(5) and R(D¥) = 0.250(6), which have not been measured
yet. We note that possible SU(3)r breaking effects can affect R(D*) and R(D}) at the ~ 10% level.



Chapter 5

The DMM perspective on
heavy-to-light B<8) decays

In this Chapter, we will firstly study in detail the semileptonic heavy-to-light decays, i.e. the B — wfly,
and By — K/{v, decays, which allow to obtain exclusive determinations of the CKM matrix elements
[Vip|. We will address also the LFU issue for these decays. In the last Section, we will develop a
comparison between the final DMM estimates of |V,;| and |V, and the determination of the same
CKM matrix elements in the Unitarity Triangle Analysis (UTA) framework.

5.1 The DMM applied to the B — n/fy, and B, — K/{v, decays

Let us now focus our discussion on the semileptonic heavy-to-light B decays, namely the B — wfv, and
Bs; — K/{y, transitions. Since many years these processes are very intriguing mainly because a long-
standing tension affects the inclusive and the exclusive determinations of the CKM matrix element
|[Vup|- In fact, the most recent version of the FLAG report [39] quotes for the exclusive estimate of
|Vus| the value |Vip|ezer - 103 = 3.74 (17) from B — mly, decays, while the inclusive determination
performed by HFLAV [95] reads |Vip|ine - 10° = 4.19 (12) (T13), implying a ~ 20 discrepancy between
them. However, a recent measurement of the inclusive value of |V,;| made by Belle [96] has changed
the picture. In fact, the collaboration has presented the result of an average over four theoretical
calculations (BLNP [97], DGE [98], GGOU [99], ADFR [100,/101]), which reads

Vi line - 10° = 4.10 £ 0.09 + 0.22 £ 0.15 [0.28] , (5.1)

where the first two errors represent the statistical and systematic uncertainties respectively, the
third one denotes the theoretical model uncertainty and the fourth one (in parenthesis) is their sum
in quadrature. The FLAG review [39] then quotes the inclusive value |Vip|ine - 103 = 4.32(29),
which differs from the exclusive one by ~ 1.7 standard deviations. To have in mind other nu-
merical estimates of |Vi;|, the last PDG review [90] quotes for its exclusive and inclusive deter-
minations the values |Vypleze - 103 = 3.70 (10)exp (12)sn = 3.70 (16) from B — 7lv, decays and
[Viblinet - 10° = 4.13 (12)exp (F13)in (18)model = 4.13 (26), which differ by ~ 1.4 standard deviations.
The aforementioned tension seems to be thus reduced, however a new model-independent exclusive
estimate of |V,p| can help in shedding a new light on this issue and further reducing the difference
between the inclusive and the exclusive estimates.

New analyses of the exclusive b — wu transitions, claiming that their exclusive determinations of
|Vius| are consistent with the estimate at the 1 — 1.50 level, also appeared |102({104]. Note that

99
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the latter results were obtained by adopting for the hadronic Form Factors (FFs) the BCL or the
Bharucha-Straub-Zwicky (BSZ) [105] parameterizations or the Padé approximants [106].

Our aim is, instead, to perform for the first time a study of these transitions through the DMM,
which has been described in the previous Chapter. To this end, the FFs are taken from the results
of the RBC/UKQCD [107] and FNAL/MILC [108] Collaborations for the B — wflv, decays, and
from RBC/UKQCD [107], HPQCD [109] and FNAL/MILC [110] Collaborations for the B, — K /v,
decays. For what concerns the susceptibilities, instead, the final results of their non-perturbative
computation can be found in Appendix [D] For this reason, in what follows we will show the results of
the DMM to the description of the FFs, then we will focus the discussion on the extraction of |V
from the experimental data and on the determination of LFU observables.

5.1.1 State-of-the-art of the LQCD computations of the FFs

As briefly stated before, the FFs entering semileptonic B — 7 decays have been studied by the RBC/
UKQCD [107] and the FNAL/MILC [108] Collaborations. In the case of the Bs — K transition several
LQCD computations of the FFs are available, namely from the RBC/UKQCD [107], HPQCD [109]
and FNAL/MILC [110] Collaborations. For both channels the lattice computations of the FFs are
available in the large-¢? region, 17 GeV? < ¢ < ¢%,,, = (mB(S) — m,r(K))z. Note that these decays
are pseudoscalar-to-pseudoscalar transitions exactly as the B — D ones, thus the definition of the
hadronic FFs is the same of Eqgs. —.

The authors of Ref. [107] provide synthetic LQCD values of the FFs (together with their statistical
and systematic correlations) at three values of ¢2 in the large-¢? regime, namely ¢% = {19.0,22.6,25.1}
GeV? for the B — 7 transition and ¢* = {17.6,20.8,23.4} GeV? in the case of the By — K transition.
These data can be directly used as inputs for our DMM. In the other works [108-110] the results of BCL
fits of the FFs extrapolated to the continuum limit and to the physical pion point are available. Thus,
from the marginalized BCL coefficients we evaluate the mean values, uncertainties and correlations of
the FFs at the three values of ¢? given in Ref. [107]. The LQCD results used as inputs for our DMM
are collected in Tables[5.I] and[5.2] for the B — 7 and By — K decays, respectively. In the next future
new LQCD computations of the FFs are expected to become available [111}]112].

For both B — 7 and Bs; — K decays we have also combined all the LQCD determinations of the
FFs corresponding to the same values of the momentum transfer. Starting from N computations of
the FFs with mean values wgk) and uncertainties ng) (k=1,---,N) corresponding to a given value
qi2 of the squared 4-momentum transfer, the combined LQCD average x; and uncertainty o; are given
by

N

x; = Zw(k)xl(k), (5.2)
k=1
N N

0-1,2 = Zw(k)(o-z(k))Z_{_Zw(k)(xz(k) _l,i)2 ’ (53)
k=1 k=1

where w(® represents the weight associated to the k-th calculation (ijzl w®) =1). In what follows,
we assume the same weight for all the computations, i.e. we consider the simple choice w® = 1 /N,
following the strategy described in Ref. [80]. The reason of this choice is to obtain a conservative
combination of the various LQCD computations of the FF's, in order to take into account hypothetical
differences in the values of the FFs (and, thus, in their slopes) quoted by different lattice Collabora-
tions. As we will see, this is in fact the case for semileptonic Bs — K decays. This issue has also been
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already pointed out in Ref. [3], where a methodological study of preliminary LQCD computations of
the FFs entering in semileptonic B — D* decays was presented.

The results of Egs. (5.2)-(5.3) are shown in the last columns of the Tables [5.1] and [5.2] for both the
B — 7 and the By — K cases, respectively. Moreover, the covariance matrix C' of the combined data
can be easily evaluated in terms of the covariance matrices C*) of each single LQCD computation as

(5.4)

where the indices ¢ and j run over the number of values of the 4-momentum transfer at which the
LQCD computations of the FFs have been performed, namely 7,7 = 1,2, 3.

|

| RBC/UKQCD | FNAL/MILC | Combined |

f7(19.0 GeV?) 1.21(10)(9) 1.17(8) 1.19(11)
/7(22.6 GeV?) 2.27(13)(14) 2.24(12) 2.25(16)
f7(25.1 GeV?) 4.11(51)(29) 4.46(23) 4.29(48)
f7(19.0 GeV?) 0.46(3)(5) 0.46(3) 0.46(5)
f7(22.6 GeV?) 0.68(3)(6) 0.65(3) 0.66(5)
f7(25.1 GeV?) 0.92(3)(6) 0.86(3) 0.89(6)

Table 5.1: Mean values and uncertainties of the LQCD computations of the FFs fi)o(qQ) obtained
at three selected values of ¢* from the results of the RBC/UKQCD [107] and FNAL/MILC [108]
Collaborations. For the RBC/UKQCD computations the first error is statistical while the second one

1s systematic. The last column contains the results of the combination procedure given in Egs. -
with w®) = 1/N.

| | RBC/UKQCD | HPQCD | FNAL/MILC | Combined |

E(17.6 GeV?) 0.99(4)(5) 1.04(5) 1.01(4) 1.01(6)
E(20.8 GeV?) 1.64(6)(7) 1.68(7) 1.68(5) 1.67(8)
5 (23.4 GeV?) 2.77(9)(11) 2.94(13) 2.91(9) 2.87(15)
fE(17.6 GeV?) 0.48(2)(3) 0.53(3) 0.44(2) 0.48(4)
fE(20.8 GeV?) 0.63(2)(4) 0.64(3) 0.59(1) 0.62(4)
fE(23.4 GeV?) 0.81(2)(5) 0.79(4) 0.76(2) 0.79(5)

Table 5.2: Mean values and uncertainties of the LQCD computations of the FFs fﬁo(qQ) obtained
at three selected values of ¢* from the results of the RBC/UKQCD [107], HPQCD [109] and
FNAL/MILC [110] Collaborations. For the RBC/UKQCD computations the first error is statistical
while the second one is systematic. The last column contains the results of the combination procedure

given in Egs. — with w®) = 1/N.
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5.1.2 Application of the DMM to the description of the FFs

Starting from Eq. (3.45)), the kinematical functions ¢ and ¢4 corresponding to the scalar and vector
FFs of the B(y) — 7(K) decays are given by [63]

—4
zm\/ﬂ 1 1+z ty L+=
0) = /&% ’
-5
2ng 1"‘2 t+ 1+2
0) = . 5.5
¢+(2,0) \/71_29/2 t+—t_+1—2> (5:5)

where z = 2(t = ¢?) is defined in Eq. (3.37) and n; is an isospin Clebsh-Gordan factor equal to
ny = 3/2 for the B — 7 decays and to n; = 1 for the By — K case. In order to take into account the
B* pole in the transverse channel, the transverse kinematical function ¢, is modified as

z — z(m%.)

¢+(2,0) = ¢+(2,0) - (5.6)

1—2zz(m%.)
with mp» = 5.325 GeV from the PDG [90]. The nonperturbative values of the susceptibilities (for the

b — u quark current) relevant for the scalar fy(¢?) and vector fy(q?) FFs are taken from Appendix
and read

Xo+(0) = (2.04+0.20)-1072, (5.7)
x1-(0) = (4.45+1.16)-107* GeV 2, (5.8)

respectively.

We now apply the DMM to the B — w decay using as inputs the lattice data of Table[5.I] cor-
responding to the three sets labelled RBC/UKQCD, FNAL/MILC and combined. A total of 5 - 10%
events are generated using the multivariate Gaussian distribution including the correlations among
the LQCD data. It turns out that the unitarity bounds for both f§ and fT as well as the KC
f5(0) = fI(0) = f(0) are satisfied by 98 — 100% of the events and, therefore, neither the skeptical
nor the iterative procedures described in the previous Chapter need to be applied. In Figs.[5.1] and
we show the resulting bands of the two FFs. The extrapolation to ¢?> = 0, which is crucial in order
to analyze the experimental data, reads

fW(QQ = 0)|rBc/ukQecp = —0.06 +0.25 ,
(¢ = 0)|lpnaL/Mme = —0.01£0.16,
fﬂ—(q2 = 0)|combined = —-0.044£0.22.

The above results exhibit large uncertainties due to the long extrapolation from the high-¢® region
of the input data down to ¢> = 0. Let us stress here again that our results do not depend on any
parameterization of the shape of the FFs. This is at variance with what happens with the BCL
parameterizations of Refs. [107,/108], where the extrapolated mean values and uncertainties of the
FFs at ¢> = 0 are plagued by instabilities with respect to the order of the truncation of the expansion.
Our results for the FFs at ¢> = 0 are consistent within 1.4 — 1.8 standard deviations with the recent
estimate obtained in Ref. [102] using the LCSR, namely

f™(¢® = 0)rcsr = 0.28 4 0.03.
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Figure 5.1: The scalar f§(q*) (left panel) and vector fT(q*) (right panel) FFs entering the semileptonic
B — wly, decays computed by the DMM as a function of the 4-momentum transfer ¢ using the LQCD inputs
from RBC/UKQCD and FNAL/MILC Collaborations (see Table[5.1)). For both FFs the red and
blue bands correspond to the DMM results obtained at 1o level using the RBC/UKQCD data (red circles) and
FNAL/MILC (blue squares) data, respectively. In the right panel the vector FF is multiplied by the factor
(1—q?/m%.) with mp- = 5.325 GeV.
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Figure 5.2: The bands of the scalar fF(q?) (left panel) and vector f7(q®) (right panel) FFs entering the
semileptonic B — wlyy decays computed by the DMM method at 1o level using as lattice inputs the combined
LQCD data of Table[5.1], shown as green diamonds. In the right panel the vector FF is multiplied by the factor
(1—q?/m%.) with mp- = 5.325 GeV.

As for the semileptonic B; — K decays few differences have to be considered with respect to the
B — m case besides the obvious changes in the masses of the mesons involved. First, in the kinematical
functions the isospin factor n; is now equal to unity instead of 3/2 as in the B — 7 case. This
is due to the fact that in the By — K decays only the strange quark can be the spectator quark
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of the transition. Second, following Refs. , a modification like the one in the Eq.
has to be applied also to ¢g(z,0) due to the presence of a scalar resonance B*(0") with a mass close
to 5.68 GeV, lying below the pair production threshold located at Mp, + My ~ 5.86 GeV. For the
susceptibilities xo+(0) and x1-(0) we adopt conservatively the same values of the B — 7 case.

We apply the DMM using as inputs the various sets of LQCD data of Table A total of 5- 104
events are generated using the multivariate Gaussian distributions including the correlations among
the LQCD computations. As in the B — 7 case, the unitarity bounds for both f(f( and ff as well
as the KC f{(0) = f£(0) = f%(0) are satisfied by 98 — 100% of the events. The dispersive bands
for the FFs corresponding to the use of the combined LQCD data of Table[5.2] are shown in Fig.[5.3
Note the impact of the KC at ¢ = 0 on the extrapolation of the FFs in the low-¢? region.
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Figure 5.3: The bands of the scalar f{(¢*) (left panel) and vector fX(q®) (right panel) FFs entering the
semileptonic By — K{lvy decays computed by the DMM at 1o level using as inputs the combined LQCD data of
Table shown as green diamonds. In the left panel the scalar FF is multiplied by the factor (1 — q2/m2BU*)
with mp: = 5.68 GeV, while in the right panel the vector FF is multiplied by the factor (1 — ¢?/m%.) with
mp+ = 5.325 GeV.

The extrapolation of the FFs to ¢®> = 0 reads

F¥(¢® = 0)lrpcjukqep = 0.08+0.15,
E(? =0)lupqecp = 0284021,
fK((]2 = 0)|FNAL/MILC = 0.07+0.11,

fK(q2 = 0)|combinea = 0.15£0.21.
The above results can be compared with the recent LCSR estimate of Ref. [113], which is
F5(q* = 0)Lcsr = 0.336 £ 0.023 .

It can be seen that the results based on the RBC/UKQCD and FNAL/MILC data differ respectively
by 1.7 and 2.4 standard deviations from the LCSR estimate, while the results based on the HPQCD
data and the combined LQCD ones are in agreement thanks to larger mean values and uncertainties.
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The DMM results presented so far indicate clearly that for both the B — 7 and B; — K channels
the extension of direct LQCD computations of the FFs toward values of ¢ lower than ~ 17 GeV? is
crucial for improving the precision of their extrapolation to ¢ = 0 without resorting to the use of the
experimental data.

5.1.3 New estimate of |V,

In order to obtain |V,;| we use our results for the FFs in the whole kinematical range and the exper-
imental data. For the semileptonic B — 7 decays the BaBar and the Belle Collaborations [114-117]
have measured the differential branching ratios (BRs) in different bins of the 4-momentum transfer
¢°. Instead, for the B, — K decays only the ratio of the total branching fractions of the semileptonic
Bs — K and Bs; — D decays is available at present |[118]. Since both the decays are pseudoscalar-
to-pseudoscalar ones, the expression of the differential decay width is analogous to Eq. , i.e.

dl'(B(s) — m(K)lvy) G2 |V |2 m2\’T . M2\ (k) o
i = 247T3<1—q2> [U%r(ml <1+2q2> 1+ (@)
— 23m2 (K
+ iy ol (1= r20) Gt W] (59)

where explicitly the 3-momentum of the 7(/K) meson in the B(,-meson rest frame is

1412 —¢?/m3 2
(K) B(S) _ (510)

_'7r = Mg
|p (K)| (K) ( 27%(}()

with r.x) = mﬂ(K)/mB(S).
o |Vy| from B — 7wly, decays

For the extraction of the CKM matrix element, we follow the procedure used both in the previous
Chapter and in Refs. [3,|76] in the case of several semileptonic heavy-meson decays characterized by
the production of a final pseudoscalar meson. In what follows, however, we will distinguish the two
different channels that have been measured by the experiments, i.e. B — 7~ ¢*v and BT — 70¢tv.
Starting from the Eq. , for the generic i-th bin in ¢? we have [117]

C, AB[FP
Vibli = . e 5.11
Vil =/ - =R (5.11)

where AB|7™ is the experimental branching fraction and A(; the corresponding theoretical decay
width (without |V,;| therein) in the given bin. Since |7%) = (Juz) — |dd)) /v/2, the isospin coefficient
C, is equal to 2 for the Bt — 7%¢*v decays and to 1 for the B — 7~ ¢*v transitions. Finally, 7gv is
the lifetime of the decaying B-meson.

We generate Np,o; bootstraps of the measured differential BR for each bin in ¢? and experiment
[114-117] through a multivariate Gaussian distribution. Then, we extract Npoo¢ bootstrap events for
the vector FF f (¢?) for each ¢?-bin. In the latter case, the mean value and the covariance matrix of
the distribution are those computed through our DMM. Thus, we compute Ny values of |V,| for
each ¢2-bin and each experiment through Eq. (5.11]).
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For any specific bin we fit the histogram of the resulting events of |V,;| with a normal distribution
and store the values of the corresponding marginalized parameters, obtaining in this way mean values,
uncertainties and correlations for |V,;| for each bin and experiment. We then evaluate the CKM matrix
element |V,;| for the n-th experiment (n = 1,...,6 for the semileptonic B — 7 decays) through the
following formulae
Zi,j(c_l)ij|vub|j o2 _ 1

Y, Cy 0 el T ey

where the indices 7, j run over all the ¢?-bins of the n-th experiment and C,; is the covariance matrix
among the bins. This is completely analogous to what done for the B — D decays, see Eq. . In
F ig. we show our results for |V,;| for each of the semileptonic B — 7 experiments, together with
the mean values , adopting the DMM results for the FFs obtained using as inputs the combined
LQCD data of Table For each experiment the corresponding correlated mean values are
collected in Table5.3l

|Vubln = (5.12)

experiment BaBar 2011 BaBar 2012 (B? — 77) BaBar 2012 (B* — 7V)
Vsl -10° || 3.25+0.33 3.58 +0.34 3.51 +0.46

experiment Belle 2011 Belle 2013 (B® — 77) Belle 2013 (BT — =)
V| - 10° 374+ 0.32 4.03 + 0.41 3.64 + 0.51

Table 5.3: The correlated weighted averages for each of the siz experiments of Refs. [114H117]. The
theoretical dispersive bands of the FFs correspond to the use of the combined LQCD data of Table as inputs.

Our final results for |Vy;|, evaluated making use of the averaging procedure given by Egs. (5.2))-

, read
Vol B jukqep - 10° = 352049 ,
Vi | Barpaire - 10° = 3.76 +£0.41 (5.13)
Vo BT pined - 103 = 3.62+£0.47 ,

which are consistent with the latest exclusive determination |Vyp|ezer - 102 = 3.70 (16) from PDG [90].
Our uncertainties are larger than the PDG one, because we do not mix the theoretical calculations
of the FFs with the experimental data to constrain the shape of the FFs in order to avoid possible
biases. The rationale of this choice is the same one discussed in the previous Chapter during the study
of semileptonic B — D* decays.

o |Vyp| from By — K/lv; decays

The LHCDb Collaboration has observed for the first time the semileptonic B; — K /v, decays [118]
and measured the ratio of the branching fractions of the B? — K~ u*v, and the B! — D;u'y,
processes,

B(BY —» K—uty,)
B(BY — Dy puty,)

RBF =
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Figure 5.4: Bin-per-bin estimates of |Vyp| obtained using Eq. for each of the six experiments of Refs.

specified in the insets of the panels as a function of ¢°. The theoretical dispersive bands of the FFs

correspond to the use of the combined LQCD data of Table[5.1] as inputs. The black dashed bands represent the
correlated weighted averages for each experiment, shown in Table,

in two different ¢?-bins, namely

RBF (IOW)
Rpr(high)

0.16
(3.25 £0.211)7°

(1.66 4 0.08 & 0.07 £ 0.05) - 10~

+0.09) - 1073

for ¢ <7GeV?, (5.14)

for ¢? > 7GeV? (5.15)

where the first error is statistical, the second one is systematic and the third one is due to the
uncertainty on the Dy — K1TK ™7~ branching fraction.

In order to obtain an exclusive estimate of |V,3| we make use of the life time of the Bs-meson,
7o = (1.516 £ 0.006) - 10712 s , and of the experimental value of the branching ratio B(B? —
D; 1t v,) measured by the LHCb Collaboration [88]

B(BY - Dy ptv,) = (249 4+ 0.12 + 0.14 £ 0.16) - 1072,
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where the first error is statistical, the second one is systematic and the third one is due to limited
knowledge of the normalization branching fractions.

Then, we use the FFs obtained with our DMM to compute the differential decay width dI'/dg?
according to the formula (except |Vip|?) given in Eq. . Our results for |V,;| are collected in
Table5.4l

| ¢*-bin | RBC/UKQCD | FNAL/MILC | HPQCD || combined |
low 6.70 + 3.26 6.43+£2.03 | 3.57+1.94 || 5.31+3.02
high 4.20 + 0.56 410+0.38 | 3.54£0.43 || 3.94£0.59

Table 5.4: Values of |Vip| - 103 extracted from the By — K{vy decays measured at LHCb in the low (¢> < 7
GeV?) and high (¢> > 7 GeV?) ¢*-bins using the dispersive bands for the theoretical FFs.

Assuming (conservatively) that the systematic errors of the two experimental results ([5.14))-(5.15)
are 100% correlated (which corresponds to a correlation coefficient equal to 0.486 in the experimental,
statistical plus Systematic covariance matrix), the weighted averages of the two bins, carried out
following Eqs. (5.2)-(5.3) for each set of FFs, read

|Vip | B 110> = 3.93+0.46 ,

b|RBC/UKQCD

IVub!FNAL/MILC-lo3 = 3.93+0.35, (5.16)

Vil fipgep - 10° = 3.54+0.35

Vi | 2 103 = 3.774+0.48,

Comblned

which are consistent with our results , obtained from the analysis of the B — wfv, decays, and
with the latest exclusive determination |Vyp|ezer - 102 = 3.70 (16) from PDG [90]. We remind that the
PDG uncertainty results from analyses in which theoretical calculations of the FFs and experimental
data are mixed in order to constrain the shape of the FFs.

5.1.4 Theoretical estimate of RT/I“(), Ae ) and .Af;;;g:)

In this Section we give pure theoretical estimates of various quantities of phenomenological inter-
est, which are independent of |V,;|, namely the ratio of the 7/u differential decay rates R Z‘()’ the

normalized forward-backward asymmetry f[i;%(K) and the normalized lepton polarization asymmetry
‘Ap;;ar :
The 7/p ratio R {’;() is defined as
RTlE [(B) — n(K)Tvr) (5.17)
mK) T T (Bgy = m(K)pvy)
where

G* Vb 2 (mB(S)imﬂK))Q o m? (K
DBy - w(K)) = SVl [0 dg” [\pmﬁm (q;) @)
my
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+ mh, (1= 7200) ol () 15 @]

with my being the lepton mass (¢ = 7, ) and
9 x
Li(z)=(1-2) (1 + 72) , Lo(z) = (1 —z) 3

The forward-backward asymmetry A%FB(K) is defined as

1 2 0 2
tr(K), oy _ d-Tr / d*T
A = Y _geost— [ o dcost, .
rp (@) /0 dq?d cos 0, oSt _1 dq?d cos 6, oSOl

Note that 6, represents the angle between the final charged lepton and the B(y)-meson momenta in
the rest frame of the final state leptons. Since a direct computation of the two-fold differential decay
width within the Standard Model gives the expression

d*T(Bgy — n(K)lve)  G2|Vip? ( _m§>2

2

dq?d cos 0, N 1287‘(’3?7123(5) q
m?
{4mB( )] \3 (sln O+ — % 2 cos 6e> |f7r(K( 2)|2
4m2 N (K *7 (K
gt (m = 2 Jms o cosbe Re (27657 (7))
2
m = (K
g (m, =m0 oI5 @) (5.18)
one has
2
0K G|V |? AN m?
‘AFB( )(q2) = %’TB() 1- qff |p7r(K)|272€(m2B(s) mfr(K))

Re[fT") (@) 177" (¢%)] .
(K)

Then, the normalized forward-backward asymmetry fli;; is given by

lm(K
0 _ [P ATE" (@)
[ dg?dl(K) /dg?

AL (5.19)

In conclusion, we compute also the lepton polarization asymmetry AP’CZEW) defined as

m(K) m(K)
AZ,W(K) (qQ) dl—‘f( _ dFJr
polar dq2 dq2 ’

where [119]

ar™) G2 |Vip|? m2\? (K
— = F(l—f) By P ()12

dg®> 2473 q
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(K 2
dF+( ) GE V| 1— Wi Wi| 7|
gz 24r3 2 ) @ PrK)
2
2 2
3 mBs 7m7r(K) (K L (K
8( e ) TGP + 3 o PLIT (@)
Bs)

Lr(K)

polar

The normalized lepton polarization asymmetry A is finally given by

AL qu2 .Aﬁ’;;gf)(qQ)
polar j’qu dI‘ﬂ(K)/dQQ ’

In Tables[5.5| and [p.6] we collect our theoretical estimates of the quantities (5.17}5.20) for each set
of LQCD computations of the FFs in the case of the B — m and B; — K decays, respectively. Within
the uncertainties our results are consistent with recent estimates [102,120,121] based on the BCL or

BSZ parameterizations of the FFs.

(5.20)

] | RBC/UKQCD | FNAL/MILC [ combined |

R/" 0.767(145) 0.838(75) 0.793(118)
Alm 0.0043(39) 0.0018(14) 0.0034(31)
ATT 0.219(25) 0.221(19) 0.220(24)
AT 0.985(11) 0.991(4) 0.988(9)

AT 0.294(87) 0.309(82) 0.301(86)

Table 5.5: The theoretical values of the quantities in the case of the semileptonic B — mly,
decays with ¢ = p, 7 adopting the RBC/UKQCD, the FNAL/MILC and the combined LQCD data of

Table as inputs for our DMDM.

y | RBC/UKQCD [ FNAL/MILC [ HPQCD [ combined |

Ry/" 0.845(122) 0.816(64) 0.680(134) || 0.755(138)
ALK 0.0032(18) 0.0024(12) 0.0059(29) || 0.0046(28)
ApK 0.257(14) 0.246(14) 0.278(19) 0.262(23)
an 0.990(5) 0.992(4) 0.982(8) 0.986(7)
A 0.172(54) 0.254(64) 0.112(79) 0.172(91)

Table 5.6: The same as in Table but in the case of the semileptonic Bs — K decays adopting the
RBC/UKQCD, the FNAL/MILC, the HPQCD and the combined LQCD data of Table as inputs
for our DMM.

As for the experimental side, only one measurement of R,Tr/ * by Belle is presently available, namely
[122]

RI/H|epp = 1.0540.51 , (5.21)

which still has a large uncertainty compared to our theoretical ones. Note that the uncertainty on
the above ratio expected by Belle II at 50 ab™! of luminosity [123] is SRL* ~ 0.09, which will be
comparable to our present theoretical uncertainties.
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5.2 Summary and comparison with UTfit

Let us finally summarize the DMM determination of the CKM matrix elements |Vg| and V| from
semileptonic charged-current B decays.
For what concerns |V|, many exclusive estimates have been obtained in the previous Chapter

through the application of the DMM to the semileptonic B, — DE:)) fv transitions. An average of

the estimates in Egs. (4.55))-(4.58) give a very precise final DMM determination of this CKM matrix
element, i.e.
[Veplpain - 10° = 41.4 £+ 0.8. (5.22)

For what concerns |Vy;|, instead, we have obtained new exclusive estimates in a rigorous model-
independent way through the study of the available lattice and experimental data concerning the
semileptonic B — 7 and Bs — K decays. Our results for |V,;| can be summarized as

e from the semileptonic B — 7 decays

|Vip| - 103 = 3.62 4 0.47 ,

e from the semileptonic By — K processes

|Vip| - 10% = 3.77 £ 0.48 .

They are compatible with each other and also consistent within 1o level with the latest exclusive and
inclusive determinations of |Vip|, |Viplezer - 103 = 3.70 (16) and |Vip|ine - 103 = 4.13(26), taken from
PDG [90]. Then, by averaging the above results corresponding to the B — m and B; — K channels
our final estimate of |V,;;| reads

[Viplonan - 10° = 3.69 £ 0.34 . (5.23)

To conclude this Part of the Thesis, I think that it is very interesting to compare the DMM
estimates in Egs. — with the predictions coming from the analysis of the Unitarity Triangle,
whose main properties have already been discussed in Chapter [2l This kind of study is very powerful
since, within the Standard Model, it allows to determine precisely the SM parameters of the flavour
sector, to test the compatibility of the experimental results with the theoretical calculations and finally,
to predict (still unmeasured) flavour SM observables.

In the last twenty years, the UT/fit [124}/125] collaboration has been routinely updating the Uni-
tarity Triangle analysis through global analyses of both theoretical and experimental data. In the last
2021 SM update [126], the predictions of the CKM matrix elements |Ve| and |V,p| from the SM global
fits read

|Vep|luT = 41.9 + 0.5, |Vup|uT = 3.68 £ 0.10. (5.24)

The most important observations are the followings. First of all, these UT estimates are completely
compatible with the DMM ones in Egs. —. Secondly, also the Unitarity Triangle Analysis
(which is independent of the LQCD data of the FFs and the experimental data by the Belle Col-
laboration discussed in the previous Chapter) points towards a value of |V| which is higher with
respect to the FLAG exclusive estimate [39] and, at the same time, compatible with the inclusive
determination [30]. In the future years, without any doubt, the publication of new LQCD data and
measurements will finally close the window on the CKM matrix element puzzles.
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Chapter 6

An Effective Field Theory approach to
Flavour Physics

In the previous Part we have developed a complete analysis of semileptonic charged current B decays
within the SM in order to shed a new light on two important phenomenological problems affecting
these transitions, i.e. the extraction of the CKM matrix elements |V| and |V,;| and the computation
of the LFU observables, with particular attention given to the R(D(*)) ratios. However, as it will be
discussed in a while, the SM cannot be considered the complete theory of Nature and, thus, needs
to be extended. In this sense, Flavour Physics offers a unique opportunity not only to test the the
SM, as flavour observables are related to all the processes involving different generations of quarks
and leptons, but also to study possible extensions of the SM itself. In fact, the measured flavour
observables allow to put relevant constraints on the physical parameters of the BSM theories.

In this Chapter we will develop an EFT approach to Flavour Physics, which is particularly useful
in constraining in a model-independent way the space of all the possible extensions of the SM. After
having illustrated the reasons that justify the necessity to study NP models, we will see also which
properties and symmetries the flavour structure of such scenarios have to respect. In fact, since the
SM is the valid theory of Nature at low energies, all the SM predictions of the flavour observables, that
can also be described in terms of NP operators, have to be recovered in this limit. This introductory
Chapter will then allow us to review and study explicitly two BSM models that are very well-known
in literature, namely the Composite Higgs in Chapter [7| and the LeptoQuarks in Chapter

Note finally that a natural link exists between this Part of the Thesis and the previous one. As
we will see, in the BSM studies many parameters of the SM are directly involved. In addition to the
CKM matrix elements, which have been widely discussed in relation to semileptonic B decays, another
example is offered for instance by the meson decay constants, computed by many Collaborations with
numerical simulations on the lattice. For these reasons, the more precise are the theoretical estimates
of the SM parameters, the more stringent will be the bounds on the NP effects eventually affecting the
flavour sector. This is a fundamental issue to keep in mind especially in view of the improvement in
sensitivity of future experiments.

6.1 Why is it necessary to go Beyond the Standard Model?

Although the Standard Model explains a series of phenomenological phenomena with incredible preci-
sion, there is, as stated in the Introduction, the necessity to consider possible NP extensions because
of two sets of reasons.
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e On the one hand, there are some experimental facts that do not find an explanation within the
SM. Firstly, the presence of Dark Matter in our Universe, whose existence is justified by many
astrophysical and cosmological observations, as we will see in Part [[TI] Secondly, the asymmetry
between baryons and anti-baryons, which is of fundamental importance in order to understand
the history of our Universe but, at the same time, does not find a justification in the SM. In
fact, although the baryonic number is violated by the sphalerons in a non-perturbative way, this
fact is not sufficient to explain quantitatively the observed asymmetry.

e On the other hand, there are many theoretical arguments that we have to take into account.
First of all, the Standard Model does not include gravity, since this interaction is not quantizable
in ordinary field theory and gives birth to a non-renormalizable theory. Furthermore, it does
not justify the equality in module of proton and electron charges. This fact is experimentally
well-known and has been measured with an extremely high precision. In principle, it would
be naturally explained in a GUT as a consequence of the zero traces of the generators of the
GU symmetry group. Finally, there is the problem of Naturalness, that we have described in
Chapter [2| To be extremely synthetic, in order to justify the measured mass of the Higgs within
the SM, we should admit an incredible fine tuning of the parameters in the theory.

For all these reasons (and many other problems related to High Energy Physics), it is reasonable
to consider the SM as an EFT valid at low energies. The EFT approach has been briefly introduced
in Chapter [2|to explain the Naturalness problem. In what follows, we will apply it to Flavour Physics.

6.2 Effective Operators and BSM Flavour Physics

On the same spirit of Eq. , the Lagrangian of a generic UV extension of the SM can be sketched
as )
Leff = _g{eff = Z ATCeff,iOeff,ia (61)
i uv
where the WCs Ceg; are evaluated at some renormalization scale and Ayy is the NP energy scale.
Note that here we are interested in dimension-6 operators. In fact, the ones with dimension equal or
less than four can in principle have NP contributions, but these effects can be reabsorbed in the SM
couplings, while the ones with higher dimension are more suppressed if the NP scale is large. Note that
all the operators that enter in Eq. have to respect some minimal requirements, i.e. the invariance
under the SM SU(3) x SU(2) x U(1) symmetry group and the conservation of both the baryonic and
the leptonic numbers, which are symmetries of the SM too (although accidental).
At this point, in order to describe the quark transitions at low-energy, let us say at the scale of
the bottom mass my, it is useful to define another EFT, described by the Weak Effective Hamiltonian

The Wilson coefficients now can have contributions from both NP and heavy SM degrees of freedom.
From the point of view of Feynman diagrams, the relevant operators contribute to interactions at
the loop level within the SM. To be more specific, their contributions come from penguin (only for
AF =1 interactions) or box (for both AF =1 and AF = 2 processes) diagrams, as shown in Figure
For this reason, the corresponding quark transitions are Cabibbo-suppressed. In other words,
since at least one W gauge boson is present inside these loops, we will always find a suppression of

4G em
H = ——=Ackm [aw

7 M . (6.2)
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these processes induced by the off-diagonal CKM matrix elements, which are the smallest ones as clear
from the Wolfenstein structure (2.18]). Note that this can be understood by looking at Eq.(6.2]). In

fact, the factor aenm/(47m) comes from the fact that, as stated above, the operators OE) induce loop
contributions and Acku is the corresponding Cabibbo-suppression. The factor 4G /v/2 represents,
instead, the SM scale. Then, the list of all the operators that contributes to a generic FCNC ¢; — ¢;
is composed by:

e AF = 2 operators, which are relevant for neutral meson-antimeson oscillations (we have chosen
the basis as in [127])

= (@ui"qr) (@ ars), = (@riv"ar;)(@riv"qr;)

= (qriqrLj)(qRiqLs); Q) = (qLiqr;)(qLiqr;)

= (@hiar;) (@pais). 0y = (a2:47;)(@L:05) (6.3)
94 = (qriqr;j)(qLiqR;);

= (@hidr;)(T@r:a%;)-

Note that (here and in what follows) the primed operators can be obtained from the unprimed
ones through a L <+ R transformation;

e four-quark AF = 1 operators, which are important for non-leptonic meson decays

= (qriv"ar;j)(@reY" arK)
= (@ d5) (@ a5
= (qriv QR])(
= ( )(@]

OF = (quiv" QLJ)(QLW qrk)s
0% = (@27 a1 (@™ ais):
(q
(@5

(6.4)

(ar, ) ) )
OF = (qLin* QL]) qreY" qRE), qre"ack)
(ar, ) ) );

qR
k
Of = (@77 a],) @ don): Tri

’Y qR] qu,y qu )

e AF =1 magnetic and chromomagnetic operators, which are relevant for radiative quark transi-

tions
O7 = emy;(qLiouwaqri) ", 07 = emy,(qriowqr;) F*, (6.5)
Og = gsMyg; ((jLio'uVQRj)G'LWa OS = gsmqi(qRiO'uVQLj)Gw/§
e semileptonic AF = 1 operators, important for semileptonic neutral-current meson decays
0§ = (@™ avy) (Cey" ), Og" = (qriv"ar;) Oy L), (6.6)

O% = (@i ar;) G ysle), O = (@riv™ar;) (Exr"vsLs)-

First of all, note that the SM contributes only to some of these operators (in particular, the
primed ones are very suppressed). Secondly, while the list of AF = 2 operators contains all the
independent operators that we can consider, for the AF = 1 transitions we have reported only the
operators relevant for the phenomenological applications that will be described in what follows. To
be more specific, we have neglected all the (pseudo)scalar and tensor Lorentz structures. It has
been shown that generalizing the AF = 1 Lagrangian beyond the SM, namely considering all the
operators of dimension-6 and invariant under the SM symmetry group, increases the total number of
such operators up to ~ 120 [1281|129]. To develop an explicit example for clarity, the AB = 2 mixings
are described by the effective Hamiltonian [130-132]

G2 mW
1672

:H:ABZQ = ()\bq) S()(xt)Ql, (6.7)
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Figure 6.1: Examples of box (left) and penguin (right) Feynman diagrams Within the SM.

where A\, = V3 Vi, and two possible choices for ¢ can be made, i.e. ¢ = d, s for B — B mixing and for
B, — By one. Finally, z; = m?/m3;, and Sp(z) is a loop function that can be approximated as

S 246 ()" 2031
Ty) ~ 2. —_ ~ 2.31.
(=) (170 GeV)

To conclude this Section, let us give a naive explanation of the robustness of the constraints on BSM
scenarios that come from low-energy processes in flavour physics. Keeping again in mind the AB = 2
transitions as an example, from Egs. (6.1]) and it is clear that, if the WCs of the theory are O(1)
factors, the ratio 1/ (A[QJV Gr) has to be tiny enough to give rise to the suppressions proportional to
the CKM matrix elements. A central role in this game is evidently played by the uncertainties that
affect both the theoretical expectation values and the measurements of particular flavour observables.
This consideration is particularly relevant in view of the improvement in sensitivity expected at future
experiments since, the most precise are the theoretical estimates of the SM parameters (such as the
CKM matrix elements and the meson decay constants), the most stringent will be the bounds on NP
coming from the flavour sector. We will see explicitly in detail the power of this kind of study in
Composite Higgs scenarios in the next Chapter.

6.3 The Minimal Flavour Violation and the U(2)? frameworks

Before explicitly discussing two specific BSM models, i.e. Composite Higgs scenarios in Chapter [7]
and LeptoQuarks in Chapter [8] it is instructive to speculate about the flavour structure of specific
extensions of the SM. In other words, we can try to approach NP effects in flavour physics from the
point of view of flavour symmetries.

To this end, let us summarize the physical meaning of the EFT approach to flavour physics just
described. As stated before, we consider the SM as the right theory of Nature only at low energies,
namely up to a certain scale Ayy (defined in Eq. ) Now, since the SM does not have an exact
flavour symmetry because of the Yukawa interactions, it is an important task to identify a precise
flavour structure for a BSM model. Note that in this game a central role is played by the numerical
order of magnitude of the scale Ayy. As we have seen in Chapter [2 the hierarchy problem suggests
that this scale should be O(TeV). At the same time, however, we have to deal with the cases of excellent
agreement between theoretical expectations and measurements of flavour observables. In general, this
implies that, in order to maintain Ayy at the TeV scale, we are forced to assume that the flavour
structure underlying the NP is highly non-generic. To be more specific, we have to find a NP flavour
structure which is characterized both by a large symmetry group and some small symmetry breaking
term. The Minimal Flavour Violation (MFV) scenario |133}[134] suggests the most conservative choice
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that we can develop in this sense: we hypothize that any extension of the SM must have the same
flavour symmetry that the SM has in the limit of zero Yukawa terms, which corresponds to a

9¢ = U(3>QL X U(g)uR X U(g)dR (6'8>

symmetry group in the quark sector (as already stated in Chapter . In this way, the only symmetry
breaking terms are precisely the quark Yukawa couplings. Note that, obviously, this is not the unique
choice that we can do.

Let us explain how the MFV hypothesis works in detail. As stated above, the symmetry group
Gq is broken by the Yukawa terms Y;;, Y;?, which have been introduced in Eq. . Thus, according
to the MFV assumption we state that Y7, Yg are the only sources of symmetry breaking. From
the mathematical point of view, this property can be rephrased in the assumption that Y7, Yl-d- are
spurions, i.e. fields that transform non-trivially under the symmetry group §,. Recalling Eq. ,

this can be achieved assuming that

Y~ (3,3,1), Y%~ (3,1,3)

under G,. From the effective theory point of view, this means that minimal flavour violating theory
must be characterized by high-dimensional operators that are built starting from the spurions Y7, Yg
and are invariant under the G, group.

Let us now introduce an important simplification in the description of MFV. We know that the
SM Yukawas have a hierarchical structure, in other words all the eigenvalues of the YZE‘, Yg matrices
are small, apart from the top Yukawa. Moreover, we know that the CKM matrix is almost a diagonal
matrix, namely the off-diagonal terms are suppressed. For these two reasons, if we work in the basis

where

YU = Ve diag(Wu, ve, v), Y= diag(ya, ys, v),

we can reasonably assume that
YY)y =~ g Vi V. (6.9)

This means that, although in principle we can build up EFT operators with an arbitrarily high number
of Yukawa fields, the net effect is that the NP terms in the amplitudes of flavour processes will have
the same CKM suppression that we see in the SM. Recalling the AB = 2 example, we can state that

(6.10)

_ N - 1672m?
AR = (ViVhyPARE x |1+ 20" |

A2y
where ASAI\?:z is the SM AB = 2 amplitude. By construction, from this flavour pattern it follows that
the O(1) coefficient a is completely flavour independent, thus it would have the same value also for
AS = 2 transitions.

Let us finally note that MFV is not the unique possible hypothesis that we can assume. For
instance, another interesting possibility is the so-called U(2)? flavour symmetry. This choice is again
suggested by the matter content of the quark sector of the SM, which is characterized by an approxi-
mate U(2)q, X U(2)uy x U(2)4, symmetry acting only on the first two quark generations [135]. The
quality of this approximate symmetry is guaranteed by the fact that the masses of the quarks of the
first two generations and their mixings with the ones of the third generation are small with respect to
the mass of the top. Note also that this symmetry would be exact if the aforementioned masses and
mixings would be zero.
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Let us briefly describe how the U(2)3 symmetry works. The minimal scenario is to introduce some
dimensionless parameters that are bidoublets under the group U(2)g, X U(2)u, X U(2)dy, i-€.

Ay =(2,2,1), Ag=(2,1,2). (6.11)

In this way, A, and A, allow to give masses to the up-type and down-type quarks of the first two
generations by maintaining the full Lagrangian of the theory formally invariant. Since the quarks of
the third generation are, by construction, singlets under U(2)g, X U(2)yuy, X U(2) 4y, the transformation
properties in Eq. ensure that their mixings with the quarks of the first two generations are exactly
equal to zero. Since in reality this mixing is a small but non-zero one, one has to introduce in a minimal
framework another spurion V' whose transformation properties under U(2)g, X U(2)u, x U(2)4, are

V=(21,1). (6.12)

Since we have introduced the minimal amount of spurions needed to realistically describe the SM
parameters of the quark sector, this scenario (which is not unique) is often called minimal U(2)3. As
for the MFV case, this machinery can be adopted to compute the NP contributions to low-energy
processes in flavour physics and to then compare them with data. Taking again as an example the
AB = 2 transitions, we would find the same CKM suppression of the SM with an expression analogous
to Eq. , however, by construction, in this case the the coefficient a will be flavour dependent,
thus giving different contributions to the mixings in the K and in the B sectors.

6.4 An instructive example: the flavour anomalies

At present, the EFT approach to Flavour Physics is one important tool to look for a BSM explanation
of the flavour anomalies. As we have discussed before, they are a fundamental test of LFU, which has
a more general importance in the context of BSM physics. In fact, it gives an important insight on
the physical properties that a NP model must have. To make an explicit example, the NP responsible
for the breaking of LFU has to be mainly coupled to the third generation of fermions, while having a
small mixing with the light generations. Only under this assumption one can easily understand why
no evidence of LFU violation has been observed so far in the extremely precise tests of LFU in the
semileptonic decays of both kaons and pions.

In what follows, we are then going to examine the R(D™)) and the R(K*)) ratios separately, in
order to give an idea of the NP effects that can affect these observables.

6.4.1 The R(D™) ratios

In the previous Part, we have deeply investigate the SM computation of the R(D(*)) ratios, defined
in Eq. . In Chapter 4| we have presented an original way to describe the LQCD and experimental
data available for the semileptonic B — D®) ¢y decays and we have thus found new values of the SM
predictions of the LFU ratios, namely R(D) = 0.296 + 0.008 and R(D*) = 0.275 + 0.008, which are
compatible with the corresponding experimental averages at the ~ 1.40 level.

In the past few years, i.e. before the publication of the LQCD computations of the FFs by the
FNAL/MILC Collaborations in [55], several studies have been developed instead in order to investigate
which possible NP effects can enter in the R(D(*)) ratios, motivated by the state-of-the-art reported by
HFLAV Collaboration in F igure As discussed in Chapter the DMM values of the R(D™)) ratios
are compatible with the corresponding world averages by HFLAV at the ~ 1.50 level. Nevertheless,
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it is instructive to understand how hypothetical NP effects in the R(D™)) ratios can be described in
a BSM scenario.

In the spirit of Egs. —, from an EFT point of view the NP amplitude of the semileptonic
B — D™y transitions has to be written by considering a high number of operators, going beyond
the V' — A structure of weak interactions of the SM. Following [82], a possible expression is

GrVa
VG
+ (Vi = VL) (D™ ey y5b| B) by, (1 — v5)v
+ (Sr + Sp)(DY|eb| BY(1 — ~5)v
+ (Sg — SL(DW[eysb| B (1 — 5)v
+ T (DY et (1 — 45)b| B)o,, (1 — 73)V],

M [(1+ Vg + VL)(D® &y | B) iy, (1 — 75)v

(6.13)

where we are assuming the absence of right-handed neutrinos in the theory. Here, we have introduced
new (pseudo)scalar and tensor operators, each of them characterized by the WCs Vi, g, Sr r, Tr. The
corresponding hadronic matrix elements can be written as

(D(po)| | B(ps)) = - (D(pp)| e | B(ps))

C

2
(Do) e (14280 1B5) = 1= [ +pp)'a? — (o + po)a" 6 (o + pp)acs]
(6.14)
for the B — D case and
* — € - q
<D (pD*aG)’ CUuub\B(pB» = WTO(Q2)€}U/QBP%p%*
+T (qQ)E;Waﬂp%f*ﬁ + T (qz)euuaﬁp%*f*ﬁ (6 15)
€ -q '

<D*(pD* ) 6)‘ EUMV75b ‘B(pB» =1 )QTO(QQ)(pBupD*V - pBVpD*u)

(mp +mp-
+iT1(¢*) (pBu€, — PBu€;,) +iT2(4%) (DD €y, — PDvE},)

for the B — D* one. These are the only non-zero contributions to the amplitude accordingly to the
Wigner-Eckart theorem, hence we have no axial and pseudoscalar effects for the B — D decays and no
scalar one for the B — D* ones. Putting these hadronic matrix elements together with the amplitude
in Eq. , we are finally able to compute the differential decay widths of both the B — D/fv and
the B — D*{v transitions. The explicit formulse can be found in [82].

In conclusion, let us note that in the Eqgs. — some new FFs naturally arise, namely
fr(¢?) for the B — D decays and Ty(q?), T1(¢?), To(q?) for the B — D* ones. Let us clearly state that
the DMM, extensively described in Chapter |3] is perfectly appliable also to these FFs, which refer to
the (pseudo)scalar and/or tensor spin-parity quantum channels. The only caveat is to compute the
susceptibilities of the b — ¢ current corresponding to those channels. In the future, this computa-
tion will be developed since new LQCD data for fr(q?), computed on the lattice for high values of
the momentum transfer, will be made public by the JLQCD Collaboration [72], while unfortunately
To(q?), T1(¢?), To(¢?) have not been computed on the lattice.
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6.4.2 The R(K™) ratios

Other flavour observables which are very important for BSM studies are the R(K (*)) ratios, that, as
the R(D™) ones, represent a fundamental test of LFU in the SM. The R(K*)) ratios are defined as

I(B— KWputp~)
I'(B — K®eter)

and represent possible clear imprints of New Physics affecting the b — s¢™¢~ quark transitions.
Although we will not develop in this Thesis a systematic study and computation of these ratios Within-
the-SM, note that semileptonic B — K®¢*+¢~ decays are induced by FCNCs, thus they cannot arise
at tree level in the SM and, instead, occur at one-loop level through penguins and box diagrams. In
fact, as clearly stated in the previous Section, this property is shared by all the transitions induce by
the operators in Eqgs. —.

The state-of-the-art of the available measurements of the R(K *)) ratios is shown in Figures—
. Note that, from the theoretical point of view, within the SM we naively expect that R(K )|y =
1. In particular, we can state that R(K (*)) are independent of perturbative and non-perturbative QCD
contributions, since they cancel out in the ratio. As clear from Figures [6.2p{6.2p, the evidence of LFU
violation in semileptonic B — K®)¢*t¢~ decays comes from the LHCb measurements [136,(137]. To
be more specific, the experimental data for R(K)M16 R(K*)161 - R(K*)0045.11] deviate from the
SM expectation by 3.10, 2.50, 2.3 0, respectively.

R(K(*))

(6.16)
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Figure 6.2: State-of-the-art of the measurements of the R(K*)) ratios. (a) Comparison between the
measurements of the R(K) ratio as performed by LHCb [136], BaBar [138] and Belle [139] Collabora-
tions. The naive SM expectation is highlighted as a dashed line. Taken from [136]. (b) Comparison
between the measurements of the R(K™*) ratio by LHCb, Babar [140] and Belle [141] Collaborations.
Also in this case, the naive SM expectation is highlighted as a dashed line. Taken from [137].

As we will see more explicitly in the following Chapters, in order to explain the aforementioned
discrepancies one can invoke the existence of NP effects. Thus, one can estimate the magnitude of
the NP contributions to the WCs of the operators of interest that is necessary to justify the R(K®))
anomalies. One can show that, in the limit of heavy NP, SM and BSM effects in the R(K (*)) ratios can
be described by looking only at SM dipole operator O7 in Eq. and at the four vector operators
in Eq. . Some very recent analyses of the available experimental data can be found in [142}/143].
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6.5 New bounds on the Wilson Coefficients from Flavour Physics

Starting from the general effective Lagrangian (6.1]), we can now constraint the entity of the NP contri-
butions to the WCs by comparing theoretical expectations and measurements of flavour observables.
Note that these constraints will be completely model-independent, since we will not invoke any explicit
BSM model. They will be then applied to CH models in the following Chapter.

In what follows, from the experimental point of view we will use expected improved uncertainties as
quoted by both LHCb Upgrade II [144] and Belle II [145]. This will allow us to obtain more stringent
bounds on possible NP effects affecting low-energy processes in Flavour Physics.

Let us examine in detail the low-energy processes in Flavour Physics that can be affected by BSM
effects and let us constraint the corresponding NP contributions to the WCs in a model independent
way.

e b— s¢t¢~: contributions to C’é:}vp and CQNP

The main bounds on the real and imaginary parts of the Wilson coefficients Cg}v p and C&)) yp (whose

corresponing operators have been defined in Eq. ) come from the process B — K® putp~. For
what concerns LHCb Upgrade II, in [144] a plot with the expected sensitivity for Cs;, yp and 0107 NP
is presented. We will consider the SM scenario, i.e. the mean values of Re(Cy yp), Re(Cyy yp) are
set equal to zero. This is the most conservative choice we can make, since under this assumﬁtion the
NP scenario is maximally disfavoured. Hence, we extrapolate the following bounds at 2¢ level:

Re(Cy yp) = 0.00 £ 0.14, Re(Clg yp) = 0.00 = 0.09. (6.17)

Note that, for a direct application to the CH scenario, it is necessary to run these coefficients at the
TeV scale |146]. For ease of comparison with Eq. , throughtout this Chapter we define ¢; yp as
the NP contribution to C; at the scale Ayy = 1TeV. In this way, by recalling the normalization of
the weak effective Hamiltonian in Eq. we have that

Re(c! p) = —Re(CL \ p) (—‘%Absoﬁ x (1 TeV)2> . i=9,10. (6.18)
Another source of information comes from the analysis of the angular observables related to the
B — K*u"p~ decay. In [147] the authors adopt the expected statistics at the various upgrades of
LHCb, including also the Upgrade II at 300 fb~!, and the one corresponding to Belle II at 50 ab~*
in order to obtain a new estimate of the bounds for Re(Cy yp) and Re(Cio,np). As usual, we fix the
mean values of these coeflicients to zero, in order to maximally disfavour NP scenarios, and we get
their uncertainties from Table VI of [147] (case of 23 fit). Thus, the most stringent constraints at 20
level are:

Re(Cngp) =0.00 £ 0.397 Re(Cm,Np) =0.00 £ 0.38. (6.19)

In particular, that Table refers to the expected statistics at LHCb Upgrade I at 50 fb~! but the
authors claim that the difference between the predicted sensitivity in this case and the one at LHCb
Upgrade II at 300 fb=! (or the one at Belle II at 50 ab—!) is completely negligible for phenomenological
applications since the precision on the determination on the Wilson coefficients is already saturated
by the uncertainties on the form factors that enter the description of B — K*{¢ transitions. Note
that also in this case we translate the values of the Wilson coefficients Cy(10), yp into the ones
of ¢g(10),np at the 1 TeV scale adopting the relation (6.18).
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e Bys— Bd7s mixing

For what concerns the By , Bd s mixings, the starting point consists in modifying the expression of
MY, in the SM and keeping fixed the one of 'Y, (in what follows it will be implicit that ¢ = d, s) [148].
To be more specific, following the UTfit collaboration [149,150] we can describe the NP contributions
to the mixing amplitudes as

M{]éfu”

= Cp, e*Bq 6.20
MféSM q ( )
where M féf Ul refers to the full theory (SM+NP). Now, the BSM contributions in the Eqs. 1' 1D
can be linked to the WCs associated to the effective operators in Eq. . In what follows, we will

focus our attention on quLL = 0Q; and quLR = Q4, which are dimension-six operators. Thus, we
re-write these terms responsible for the AB = 2 transitions in the effective Lagrangian as

NP _ C?ELL bLL bgLR
L = A2 ‘}1 A2 Qq , (6.21)

where A indicates the scale of NP.
Let us now examine which bounds on the WCs in Eq. (6.21]) can be obtained starting from the
expected improvements in sensitivity at both LHCb Upgrade II and Belle II.

i) Vector operator in By mizing

We adopt the results by UTfit Collaboration as reported in Table 157 of [145]. As usual, we
consider the NP quantities in Eq. (6.20]) as centered in their SM values. Thus, using the values
of the predicted uncertainties by UTft we have at 20

Cp, =1.00£0.06, ¢p, = (0.0%1.2)°.

In order to set a constraint on c}#L we fix % = 0 and impose that [ANa ™| < [AZ2r"| [151],
being A the amplitude of the AF = 2 process. Recalling the expression . this implies that
| deLL 1/2 Ao

> X . 6.22
" Aa|[C, ¥ PP — 112 GrmeV/Sy (622

Note that the enhancement factor 1/|\z| disappears in the MEV (or U(2)) models described in
the previous Section, since in this case the NP terms have the same CKM suppression of the SM
ones.

Now, to obtain the most conservative upper bound on cl{/dLL, we also fix ¢p, = 0 and consider

the maximal deviation of Cg, from the unity, i.e. ACp, = Cp, —1 = 0.06 at 20. Fixing the NP
scale A = 1TeV, the resulting numerical bound on the Wilson coefficient will thus be

Re(cbdFl) < 2.1 x 1077, (6.23)

ii) Vector operator in Bs mizing
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iii)

In this case, we use the results from the CKMfitter Collaboration |152|E We fix 0, = 0 to obtain
the most conservative bound (also in this case the scalar contribution is set equal to zero, i.e.
C%SLR = 0) and we link the quantity hs (defined in Eq. (6.24))) to the WC c("fLL through the

relation
Re( bsLL) (47r)2

’)‘sb|2 GFA2 ‘
Given that at 20 level the authors find hgs < 0.06, fixing again A = 1 TeV the numerical result
for the Wilson coefficient reads

hs~ 1.5 (6.26)

Re(cbl) < 4.6 x 1076, (6.27)
Scalar operator in By s mizing
Finally, for what concerns cquR (again q = d, s), we have to switch off the contribution of the

vector operator in the NP Lagrangian, i.e. cl‘)}]LL =0.

In what follows, we will use some of the results present in |153|, where the authors study in detail
the NP contributions of a heavy neutral gauge boson Z " and of a neutral scalar H to AF = 2
processes. To be more specific, the Tables 5 and 6 of this work show the central values of the
hadronic matrix elements of the relevant operators, computed for different values of the scale
A and for both the By and the By cases. Thus, for our purposes it is sufficient to compute the
ratio

< quLR

—2 =k, (¢g=4d,s) (6.28)
< quLL q
since, being the value of Mféf ull directly fixed by Cp, or hg, Eq. QD will directly imply that

Re(bIEL
Re(dg ) = "4 (=g, (629)
q

Numerically, the corresponding results read
kg =6.3, kg =26.1,

from which it follows through the bounds (6.23]) and ((6.27)) that

Re(cMEf) <33 %1078, Re(&F) < 7.5 x 1077, (6.30)

()

e Contributions to C; yp

At this point, let us finally examine the observables that enter in the determination of the NP
contribution to the WCs C’g 3\, p» Which are associated to the operators in Eq. 1}

!The CKMfitter Collaboration describes the deviation of M{, from its SM expression as

MG = MEZM (1 + hee®7). (6.24)

By a direct comparison of the equations (6.20) and (6.24)), it is clear that the quantities describing NP can be linked to
each other through the relation

1+ hee*?t = Cp, e***Pa. (6.25)
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i)

ii)

CHAPTER 6. AN EFFECTIVE FIELD THEORY APPROACH TO FLAVOUR PHYSICS

Inclusive b — sy radiative decays

For the radiative decays it is convenient to study the ratio between the decay width in the full
theory and in the SM only [154]. In this way all the numerical factors cancel out and we are left
only with the expression

I run . |C7|2 + |Cl7’2 . ’07,SM + C'7,NP|2 + |C;,NP|2 (6 31)
Tsm |Cr7.s0m]? |C7.s0m 12 .

where all the WCs are considered at the scale j,. Note that in the SM C7 gar () = —0.304 [155].
Considering NP at a scale m, = 1 TeV as a reference, it is necessary to run the WCs so that

as<m*>>%? <O¢S(mt)

as(my) as (i)

16

23 i
)" x lptoma) (632

C§,3VP(:“b) = <

being ag the strong coupling constant.

Let us turn back to Eq.. In order to fit the NP WCs, we consider the experimental
Branching Ratio as the estimate valid in the full theory. The theoretical SM expectation reads
[156]

BRgy = (3.36 +£0.23) x 1074, (6.33)

For the experimental value, as usual we choose the mean value equal to the theoretical one and
we then consider the expected sensitivity at Belle-II with 50 ab™!, that is B Rexp = 3.2%.

FEzclusive b — sy radiative decays

We will focus our attention onto the processes B — K*y and B? — ¢, which we will refer to
generically as B, — V. The starting point is the time-dependent CP asymmetry [157], that
reads

Sy sin(Amgt) 4+ Cy cos(Amgt)

Acp(t) = cosh(AT,t/2) — Aar(B, — V) sinh(AL,t/2)’ (6:34)

where Sy is the mixing-induced CP asymmetry, Cy is the direct CP one and finally Aar(B, —
V) is the mass-eigenstate rate asymmetry.

First of all, note that in the B® — K*v case Aar can be neglected because of the tiny value of
ATy. Thus, we may consider its contribution only in the B? — ¢7 case. In order to fit the NP
Wilson coeflicients, it is necessary to consider the relation between the time integrated BR and
the theoretical contribution in absence of mixing, i.e.

1 — Aar(B? — ¢y) x 2e2lne
r( ) 2 BRuu(B? = ), (6.35)

BRlnt(Bg_>¢7):< TB.Al'B 2
1_( S2 S)

where BRg (BY — ¢v) is directly related to the WCs through the relation [158]

2

3
G2 aEM‘)\sb|2 m ’
SECEMESOL g omd (11— —2- ) |Th(0)] x (|Co[? + |C5?),  (6.36)

0 _
BRuan(Bs = ¢7) = 5.~ 55 4
being as usual Ay = V,iVy,. 7B, and Mp, represent respectively the lifetime and the mass of
the Bs meson, while my is the bottom mass (all these values are taken from the PDG [159)]).
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iii)

Note that T3 (0) represents the tensor form factor which enters B? — ¢+ transition, evaluated at
¢*> = 0. Furthermore, we need the SM prediction for the time integrated Branching Ratio, i.e.

BRini(B? — ¢y) = (4.31 4+ 0.86) x 107°. (6.37)

For what concerns Aar, we choose its central value equal to the SM prediction Aar 4 = 0.031 £
0.021 and its uncertainty equal to the statistical one expected at LHCb Upgrade II, that is
0AAr = 0.02. However, from the numerical point of view, the relative constraint on the Wilson
coefficients appears to be very weak with respect to the others, hence we will not consider it in
the following steps.

Secondly, another relevant source of information is Sg+~, which is defined as [160]

_ 2Im [e (A} AL + ARAR)] 2
\AL|? 4+ [Ag? + |ALI? + [Ag[? — |C7|? + |Cy[?

Sicer Im (e*i%cyc;) . (6.38)

In the above expression there are two physical amplitudes, which describe the exclusive transition
BY — K*~ and are characterized by different polarizations of the photon, i.e.

Arr) = AB* = K*vyry), Arm) =AB = K*yr))- (6.39)

Moreover, the angle ¢4 represents the phase of the amplitude for By — By mixing. It can be
fixed through the relation

sin(¢d) = SwKS’ (640)

where we have considered at the r.h.s. Sy kg = 0.6940.02, obtained from b — cés processes [161].
Note finally that the last approximate equality in (6.38]) follows from the expressions of the decay
amplitudes, which are functions of the WCs.

In order to fit the WCs, as usual we fix the central value of Sk« to the SM one, i.e. Sk ih =
—0.023 + 0.016 [160], which takes into account also the contributions from soft-gluon emission.
Thus, we express this quantity as

2
C2? +1C7 wpl?

SK*'Y ~ SK*'y,th + Im <€7i¢dC7C'l77NP> s (641)
so that all the NP contributions will be encoded by the WCs and in the SM limit we will recover

the SM prediction Sk~ . We finally adopt as uncertainty the sensitivity quoted by Belle-II at
50 ab~!, that is 0S5+ = 0.030.

FEzclusive b — sl observables

The process B — K*0{ offers another last constraint for the determination of bounds on C’p.
The fourfold differential amplitude of this decay is defined in terms of several angular functions,
that depend on the so-called transversity amplitudes A L7||70,t(q2). These amplitudes are functions
of the Wilson coefficients and of the form factors entering B — K*¢¢ decays. Starting from them,
we can define two quantities, called Ag? ) and Ag{m), which are particularly sensitive to right-
handed currents in NP scenarios.

To be more specific, they are defined as [162]:

1AL (*)? = 14;(*)?
|[AL(@®)? + 14 ()

AP () (6.42)
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Im (Af(¢?) AL (¢) + Af(¢*) AT (¢?))
A2y = 2 ” s ” — (6.43)
[AL(g?)* +[A4)(¢?)]
They assume a very simple form in the very low-¢? limit, i.e.
. 2Re(C7C¥) L m) 2Im (C7C5)
lim AP (g?) = 1) A N=——— 2 6.44
AT S gp e BT T et (o40

These formulae have to be considered as asymptotic, since for increasing ¢> the contributions of
the other WCs, i.e. C’é&o, become not neglibible.

In order to reach very small values of the quadratic transferred momentum, which are thus of
capital importance to find contributions to right-handed currents beyond the SM, Belle-1I will
study the B — K*eTe™ channel with high precision and will measure the observables ([6.42)-

(6.43]) with sensitivities
5AY = 0.066, 5AY™ —0.064

in the kinematical range ¢ € [0.002,1.12] GeV2. Since the formulae (6.44)) are valid only in the
¢*> — 0 limit, we will adopt the following expressions in order to constrain the WCs C; ).

2R(CrCTNP) w2y o qlIm) 2Im (C7Cy p)
Crl2+|CL vp2 T (@) =< Ars > C72+1C5 v pl?
|C7[2 +|C7 ypl G712 +1C7 v pl

Ag?)(QQ) ~< Ag?S'M >+ (6.45)

where ¢? now vary in the range [0.002,1.12] GeV? and the SM values have to be considered as
means in that kinematical region. In this way, all the NP contributions will be encoded by the
WCs and in the SM limit we will recover the SM predictions for A(T2 ) and AEFI m), which can be
found in [157,|163] and read

< APy >= 00337000 < AYY), >=(0.3£0.2) x 1072,

Note finally that the presence of C’gi ]1\6[ in the NP contributions can be safely neglected for the
low values of ¢ under consideration, since they would produce a negligible effect of the order of
around 5%.

At this point, the aforementioned observables can be fitted all together in order to find the marginal-

ized values of Re (07’ N P) and Im <C; N P) , after having set C'7 y p equal to zero. The inverse situation

(i.e. marginalization of Re (C7 yp) and Im (C7 yp)) is numerically not so interesting as the other one
for the following reason. In the plane Re (C7 np) — Im (C7 nyp) the constraints are represented by
the branching ratio of the b — s7v inclusive interaction and by the branching ratio of the exclusive
B — K*up~ decay. For what concerns the former case, the uncertainty associated to the theoret-
ical computation of the branching ratio, which is 0 BRy, = 6.8%, does not allow a high precision in
constraining the real and imaginary parts of C7 yp. An identical situation occurs also in the latter
case, since the improvement in the sensitivity of LHCb Upgrade II and Belle II in the measurement of
BR(B — K*u*p™) is saturated by the hadronic uncertainties associated to the form factors, which
enters the definition of this branching ratio.

For the reasons explained above, we focus our attention onto the marginalization of Re (C’; N P)

and Im (C’; N P). In Figure we show all the observables of interest for our fit. The marginalized
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values are centred in zero (as we want in order to maximally disfavour NP contributions) and have
the following uncertainties

o [Re (C%Np)} =0.015, o [Im (C%NP)} — 0.014, (6.46)

which will be applied to the CH scenario in what follows. Furthermore, we can use the relation (6.18))
in order to run the values of the real and the imaginary parts of 6,7’ np at the 1 TeV scale, obtaining
the following upper bounds on the WCs at 95% confidence level:

Re(cr np)| <24 x107°, [Im(c; yp)| < 2.3 x 1075, 6.47
7, 77

0 BR(B->XsY)
04 Sy
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o Af™

0.2
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Figure 6.3: The correlation plot Re (077 N P) VS Im (CZ N P) at 95% confidence level.
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Table 6.1: Upper bounds on the WCs at the energy scale of 1 TeV at 95% confidence level. In bold
we indicate the constraints relevant for applications to Composite Higgs, which will be developed in
the following Chapter.

Upper bounds on WC at 1TeV
Process WC ‘ Bound

B — K*0 | |Re(conp)] 3.2 x107%
|Re(cionp)| | 3.1x1074
| Re(cg yp)] 1.1x107*
| Re(c)g np)l 7.3 x 107°
By — By | |Re (Rt | 21x10°7
By— By | |Re(c4®)| | 3.3x10°8
Bs— B, | |[Re(cPM) | | 46x10°°
Bs—Bs | |Re(c8"™)| | 75x1077
b— sy |Re(c/7’NP)| 2.4 x107°
Im (c;np)| | 2.3 x107°




Chapter 7

Explicit models I: Composite Higgs

In this Chapter we will analyse the bounds on Composite Higgs (CH) scenarios as a particular example
of physics beyond the SM that is motivated by the hierarchy problem, and has an expected NP scale
around the TeV. In particular, we will review these bounds in view of the increase in precision of
experiments at the colliders in the future decade. To achieve this goal, we will firstly review the
motivations for CH models and the theory underlying them. Then, we will describe in detail the
application of CH to flavour physics, presenting original results about the aforementioned bounds and
developing interesting comparisons with the state-of-the-art at present. Note that this kind of study
is deeply related to the results of analyses Within the SM. In fact, the more precise are the theoretical
estimates of the SM parameters (for instance the CKM matrix elements), the more stringent will be
the bounds on NP coming from the flavour sector.

7.1 Theoretical framework

7.1.1 The Higgs as a pseudo Nambu-Glodstone boson (pNGB)

In Chapter [2] we have discussed the main properties of the Higgs boson, as well as its radiative
instability problem. Let us here discuss a possible (although not unique) solution to this issue, precisely
the CH scenario. The fundamental idea underlying this framework is the possibility to consider the
Higgs boson not as an elementary particle (as seems from the experiments) but as a composite bound
state of a new strongly-interacting sector. This situation would be analogous to what happens in
Quantum Chromo-Dynamics (QCD), where there are many scalar particles that are bound states of
quarks and antiquarks under a strongly-interacting sector, which is the QCD itself. Furthermore, as
in that case, also the composite Higgs will be characterized by an appropriate compositeness scale,
call it m., above which it will not be sensitive to UltraViolet (UV) effects and thus thanks to which we
will be able to naturally generating its mass. Let us then present in what follows the main theoretical
features of CH scenarios [1641[165].

The starting point of our review is to consider a new strong composite sector, characterized by a
global Lie group §. We assume that a spontaneous § — G’ symmetry breaking occurs, leading to the
appearance of massless Goldstones living in the co-set §/§’. The situation is graphically represented
in the most general situation in Figure [7.1j, where we have called 3y the gauged subgroup of §. Note
that the unbroken subgroup §' is assumed to contain the SM group Ssy; = SU(2) x U(1)y and that
a doublet of SU(2)r, i.e. the Higgs, has to be present in the co-set §/9'.

Let us now consider the simplest example to deal with, namely the so-called Minimal Composite
Higgs Model (MCHM) [166], in which the aforementioned Lie groups are § = SO(5) and §' = SO(4).

91
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w

(a) (b)

Figure 7.1: (a) Sketch of the group algebra in the most general situation. The dark gray area represents

the group Hy/G’, where the eaten Goldstones live, while the light gray area is the unbroken group

S' NH,. (b) Sketch of the group algebra in the two-step symmetry breaking description. In this special
case, S NHy = Ho.

The SO(5) — SO(4) symmetry breaking will give rise to 4 real massless Goldstones, transforming as
the fundamental representation of SO(4) and leaving in the co-set SO(5)/SO(4), which is equivalent
to a 4-sphere S*. Moreover, given the exact relation

_ SU@)L x SU)r
_ S

SO(4)

we can already think about these Goldstones as the real components of a SU(2);, doublet, i.e. again
the Higgs. In addition to this, let us choose the following basis for the SO(5) generators:

arg,,a Z 1 aoc C (& a a
TE = — (5287 — §%57), (7.2)

V2

so that the 6 "unbroken” generators T, span the SO(4) algebra while the remaining ”broken” four
T? span the co-set SO(5)/SO(4) algebra. Hence, we can parametrize the Goldstones originating from
the SO(5) — SO(4) symmetry breaking as

¢ = gV gy = (0,0,0,0,1)7, (7.3)

being f an analogous of the pion decay constant of QCD.

At this point, we are ready to describe the EWSB in CH scenarios. To achieve this goal, we will
compare two different descriptions, namely the two-step breaking VS the vacuum misalignment (the
latter being firstly introduced in [167-169]). According to the first viewpoint, we assume that the
gauged subgroup H is aligned with the unbroken subgroup &', as in Figure . In MCHM, we will
thus have Hy = SU(2)r, x U(1)y C SO(4)y = SO(4), where the last equality follows properly by the
assumption of alignment. At this point, recalling Eq. the Goldstones read

¢ = (I1y sin(T1/ f), Iy sin(T1/ f), XT3 sin(I1/ f ), Ty sin(T1/ f), cos(IT/ £)) T, (7.4)
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where
AN 2 & Ha
II = g ¢ = —.
Sy, =l
a
Note that in this game the SO(4), subgroup acts on the first four components of (7.4). Hence,
assuming in total generality that

(I;) =0 (i =1,2,3), (Il4) #0, (7.5)
from Eq. ([7.4]) it follows that

() = (0,0,0,sin6, cos )T, 6 <f> (7.6)
Looking at the first three components of , it is clear that the assumption of non-zero Vacuum
Expectation Value (VEV) has brought us down to a SO(3) subgroup, i.e. we have realized the two-
step symmetry breaking SO(5) — SO(4) — SO(3). At this point, we are ready to explain the second
viewpoint of EWSB, namely the vacuum misalignment. In fact, from Eq. it is evident that the
II; (i = 1,2,3) are precisely NGBs that will form the longitudinal polarizations of the gauge boson
W#, Z° while the remaining one Il4, having a non-zero VEV, will be identified with the Higgs boson.
We can thus re-express ¢ in order to clearly distinguish these different degrees of freedom. It can be
demonstrated that a valid new parametrization reads

sin (0 n @) exp (ZM -(0,0,0,1)7

h(z) ’

cos <9 + =
where h(z) is properly the Higgs boson, AF are the generators of SO(4)/SO(3) and finally \* are
the Goldstones eaten by the SU(2)y, x U(1)y gauging. At this point, the concept of misalignment is
clear. In fact, the angle 6, defined in Eq. , represents the misalignment between SO(4) and the
gauged SO(4),. There is only one of such angles since there is only one non-eaten Goldstone, i.e. the
physical Higgs, which in fact can be thought as a coordinate on the 4-sphere S* and whose VEV gives
the precise position and the entity of the misalignment of the true vacuum with respect to SO(4)g.
In Figure [7.2) there is a graphical representation of the mechanism just illustrated. Note that in the
so-called decoupling limit, namely 6 — 0, we recover precisely the SM since the composite sector is
decoupled from the low-energy physics.

7.1.2 Partial compositeness

Until now, in our discussion we have never referred to the SM fermions which, together with the
SM gauge bosons, constitute the so-called elementary sector. To this end, in this Paragraph we will
firstly discuss the idea of partial compositeness, which was introduced for the first time in [170].
The starting point consists in writing down in the Lagrangian the terms describing the interaction
between the elementary fermions and the composite sector. Contrarily to technicolor models, where
one usually assumes bilinear interaction terms, in this context we will assume a linear coupling, which
for the quarks will have the form

Lint = )\(Q O+ h.C.) = )\quOL + /\uﬁROuR + )\dCZROdR + h.c. (7.7)

The fundamental difference with respect to technicolor is that the composite operators Oy, Oy, Oqp
are now fermionic, rather than scalar. This feature of the model allows us to state that both the
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50(4)9 True

vacuum

Figure 7.2: Graphical representation of the vaccum misalignment in the case of the MCHM. See the
text for all the details.

large hierarchies in the quark masses and the large value of the top mass can be generated in a
completely natural way. Moreover, although flavour changing four-fermion operators could in principle
be obtained through the exchange of composite modes, a sort of GIM suppression is guaranteed, so
that these operators are sufficiently small for the light quarks and leptons.

According to this picture, the CH scenario allows us to obtain a light enough Higgs (as required
by the experiments) without falling into any hierarchical problem, as on the contrary happens for
instance in technicolor models. But why then the name of partial compositeness? The interesting
consequence of assuming linear couplings for the SM fermions interactions is precisely the fact that
new mixings between the elementary quarks and the composite modes emerge. In this way, the physical
SM particles result to be linear combinations of the elementary and the composite degrees of freedom.
To be more specific, we assume that a composite operator O (as one of those appearing in Eq. )
has the right quantum numbers to have a non-zero matrix element of the form

<0 ’ 0 ’ X;) = Anur(p)eip.x, (7.8)

being x;, a set of massive composite modes and u, a spinor. Thus, at low energies the interaction
Lagrangian (|7.7]) will take the structure

Lint =Y An(@- Xn + hoc), (7.9)
n

where it is evident the appearance of mixings between the elementary and the composite states. Now,
for simplicity let us hereafter take into consideration only the first composite mode. Thus the full
Lagrangian (kinetic and interaction terms) will have the form

£ =pridr + x(id —m)x + ALxr + hec.). (7.10)

We can diagonalize the structure ((7.10)) simply developing a rotation, i.e.

v\ cos¢ sing P,
xL ) \ —sing coso XL )’
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being tan ¢ = A/m and m, = vm? + A2. The physical meaning of the angle ¢ is the parametrization
of the degree of partial compositeness. Thus, the heavier is the fermion, the more composite it is! In
fact, the aforementioned rotation brings the Lagrangian ([7.10|) to the new form

L =i + x(id — ma)x, (7.11)

so that the physical particles result to be combinations of the 1, x eigenstates, namely
|light) = cos¢ ) +sing|x), (7.12)
|heavy) = —sing|y) +coso|x) . (7.13)

As we will see in the following Section, FP will allow us to put stringent constraints on the fermion
modes degree of freedom, in particular their mass, through phenomenology. In conclusion, note that
analogous considerations hold also for the gauge sector in QCD with the so-called v — p mixing.

7.1.3 The 1S1C hypothesis

At this point, it is necessary to write down the Lagrangian that allows us to describe all the fields in
the CH scenario. Remember that on the one hand we have the composite sector, in which there are
the NGB Higgs ¥ and the massive modes, while on the other hand we have the elementary sector,
with the SM gauge fields and the quark and lepton fields.

In what follows we will present the so-called One Scale One Coupling (151C) hypothesis, called
in this way for the reasons that will be clear in what follows. For what concerns the composite sector
Lagrangian, we write

4 0 g.l ]
L= %Ltree (a I 99 9 )

) )
2 my M 32

2h mi 0 I g.o gV
+ J 7Lone—loop () I s 9 +

2 2 ) )
1672 g2 My M My mi/Q

(7.14)

where we have assumed the presence of vector modes o and fermion modes W. The first term is the
tree level contribution while the second one is the one loop term. The reason of the name 1S1C relies
simply on the presence of only two parameters in the above Lagrangian, namely the typical resonance
scale m, and the typical resonance coupling g..

The 1S1C hypothesis can be interpreted also in an interesting way by developing an exercise of
dimensional analysis. To this end, it is fundamental not to work in natural units. In this case, the
Lagrangian density dimension reads

7]
L - ﬁ’
being L a lenght, so that the canonically normalized composite fields have dimensions
B B [h]l/Q B [h]1/2
[H] - [0] - L ) [\Ij] - L3/2 :

Hence, it follows that
m.] =L [g.] = A7V

Thanks to these considerations, we can rephrase the 1S1C hypothesis as the one in which the scale
m, and the coupling g, are the only dimensionful parameters of the theory, so that the Lagrangian
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can have only the form (|7.14]) since it is the unique possibility in virtue of dimensional analysis. The
most important consequence of this consideration is the structure of the low-energy Effective Field
Theory (EFT) that we find by integrating out the heavy resonance fields. In fact, if the heavy modes
are integrated out at tree level, again m, and g, will be the unique dimensionful parameters in the
thoery, thus dimensional analysis tells us that the Lagrangian structure must be respected also
by the EFT Lagrangian. In a EFT Lagrangian, the composite fields o, ¥ will thus indicate the lightest
modes present in the theory, as will be clear in the FP analysis contained in the following Section.

In conclusion, we want to include in our description also the SM elementary fields, i.e. the gauge
fields A, and the fermions ¢. Also in this case dimensional analysis will show the way to proceed
correctly. In fact, recalling the partial compositeness idea explained above, in the 1S1C assumption
the full EFT Lagrangian in CH scenarios can only read

md (6 g1l gio gV g-A, )\‘1/1)

'CEFT - %Ltree ) ) ) 3/2° P 3/2
) e el e ! (7.15)

2 2 ) ) ) ) )
1672 g2 My M me T 327 me 7 302

gih my ((9 g1l gio gV g- Ay /\¢>
one—loop + -

7.1.4 Possible representations of the fermion modes

The fermion modes ¥, that have been introduced in Eq. , can have different representations.
This choice allows to obtain new constraints on CH scenarios from the low-energy processes in flavour
physics, which is precisely the goal of the following Section. In what follows, we will briefly describe
three different cases [171], assuming that the global symmetry respected by the strong sector is SU(3) x
SU(2)r x SU(2)r x U(1), which includes the custodial symmetry.

i) Doublet model: we hypothize that the SM left-handed quarks g7 mix with composite vector-like
SU(2)r, doublet, call them @, one per generation. On the contrary, the SM right-handed quarks
ur and dr couple both to a unique SU(2)r doublet, call it R. The relevant Lagrangian terms
will thus be

LD = yiig [Q@J{R{%} +he., (7.16)
LD = mhAL @ QY + mip\L, Ut uly + mpAg, Dy d., (7.17)
where the first row contains the Yukawa terms of the composite particles, while the second

one the mixing terms with the SM fields. Note that we have defined H = (iocoH*, H) and
R= (U D)T.

ii) Triplet model: we hypothize that the SM left-handed quarks g7, mix with a composite state, call
it L, that is a doublet both under SU(2); and SU(2)g, while the SM right-handed quarks ug
and dg couple both to a composite SU(2) g triplet, call it R. To preserve the left-right symmetry
of the theory, we will have to deal also with another particle which is a triplet of SU(2)y, call it
R'. The Lagrangian terms now read

CF = Y[R + Y | HILR G| + he., (7.18)

Ch = MINIGQh + i XD + mi A, Dy (7.19)

where Q is the T3r doublet in L and, on the contrary, U and D are the components of R with
charge 2/3 and 1/3, respectively.
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iii) Bidoublet model: we hypothize that the SM left-handed quarks ¢; mix with two composite
states, call them Ly and Lp, which are both doublets under SU(2);, and SU(2)g but differ for
the value of their charge X. The SM right-handed quarks ur and dr couple to two composite
singlets of both SU(2), and SU(2)g, call them U and D, which again differ for the values of
their charge X. In Lagrangian terms we have that

LBD (Y[jj tr[L{ 3], Up + h.c.) + (U —= D), (7.20)
CED = ity @+ N T + (U, u D, ), (721

where @, and @)y are components of Ly and Lp, respectively.

To summarize all the properties of the fields just introduced, in Figure we show their quantum
numbers and the model in which they enter.

model SUB3). SU2). SU@)r U()x
doublet @ 3 2 1 %
R 3 1 2 L
L 3 2 2 B
triplet R 3 1 3 2
R 3 3 1 2
Ly 3 2 2 2
bidoublet “2 3 2 2 _2%
U 3 1 1 2
D 3 1 1 -3

Figure 7.3: Quantum number of the composite fermions introduced in the Eqs.—. To
compute the X charge, it is sufficient to consider the expression Y = T3r + X, where Y is the
hypercharge. Taken from [171].

7.2 New bounds on fermion resonances from Flavour Physics

Starting from the effective Lagrangian , we are able to describe the interactions of the composite
degrees of freedom with the SM fields. Such interactions can give rise to BSM contributions to several
processes in Flavour Physics. A direct comparison between the theory and the experiments allows
then us to put important constraints to the physical parameters of CH scenarios, that is precisely the
goal of this Section.

Note that, to achieve this goal, we will apply the results of the EFT study developed in the previous
Chapter to the specific case of CH models. In Table we have summarized all the bounds obtained
on the WCs (at the 1TeV scale). The ones relevant for applications to Composite Higgs are shown
in bold. All these results will be rephrased, in what follows, on new bounds on the mass my of the
composite fermions, that have been introduced in the previous Section. Now, the SM up-type Yukawas
can be related to the strong ones as:

Yu = YUSLulSRul,  Ye = YUSLu25Ru2, Yt = YUSLu3SRu3, (7.22)
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where we have defined

A{L,R}i
14+ (A\£,ry)?

1 _
S{L,R}y =

Recall that the composite-elementary mixings A(7, gy have been defined in the Eqs.—. Hav-
ing in mind that expressions analogous to @ hold for the down-type quarks, we can also express
the CKM matrix elements as V;; ~ sr;/sr; (i < j) for the doublet and the triplet representations of
the fermion modes, while as Vj; ~ s14i/Sraj = Srui/Spuj for the bidoublet one. Thus, in the doublet
and the triplet representations we have only one free parameter, namely z; = s13/Sgryu3, while in the
bidoublet case we have two free quantities, i.e. x4 = sp¢/sgt and z = sp¢/srp. All these quantities will
be often used in the computations developed in the remaining part of this Chapter.

At this point, one question naturally arises: how can we ensure the hierarchical structure of the
SM Yukawas in Eq. (and analogously for the down-type ones) while being consistent with the
stringent flavour constraints on higher-dimension operators? Basically, there are two possible ways.

e We assume that the strong Yukawas Yy p have an anarchic structure, in other words all their
matrix elements are of similar order. This is the so-called anarchic scenario, that has been
widely studied in literature, see for instance [172-179]. In this case, the hierarchical form of
the SM Yukawas is thus generated by the composite-elementary mixings sy, r} (or, equivalently,
A{z,r}y), Which must then be hierarchical.

e We assume a specific flavour structure for the strong sector. In this case, all the physical
quantities related to the strong sector are characterized by a precise flavour symmetry. The
most famous and possible choices are the U(3)3 models (that are MFV frameworks) and the
U(2)? ones, which have been described in Chapter @ Note that, in these cases, the composite-
elementary mixings are the only sources of breaking of the flavour symmetry of the composite
sector.

At this point, in what follows we will firstly recall how the composite resonances enter both the
tree level AF = 2 FCNCs and the coupling of the SM gauge bosons. Then, we will compute the
bounds on my corresponding to each of the processes involving B-mesons previously studied, namely
b— sttl~, By, mixing and finally b — sv.

e Flavour changing Z couplings

In CH scenarios, flavour changing Z couplings arise and are directly linked to the modified Zbb
coupling [171]. Firstly, we write that coupling as

9
Cw

_ 1 1 1
ib’Y” — =+ =sh, + 095w | Po+ | 555 + 095w | Pr| bZ,,
Cw 2 3 3

- SM R,SM
" [(952717 + 59§bb) Pr+ (921’;1; + 59§bb) PR] bz, =
(7.23)

where sy, ¢, are the sine and the cosine of the Weinberg angle and g = g2. Secondly, we consider the
diagrams of interest in order to compute (595})];. The two relevant diagrams (for each helicity case) are
characterized by two insertions of the Higgs VEV < h > = v in correspondence of the mixings between
elementary and composite fermions (Figure ) or of the p — Z one, being p a vector mode Figure
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7.4p). Putting together the elementary-composite mixings, the propagators, the p — Z coupling and
(only in the first case) the composite Yukawas, we obtain the final expressions

2v/2 2.2
VY51 VG, TtYt
Sglk. = D P 7.24
9z 2M2Yy ¢ Am2Yy (7.24)
5ok, — VDU V3G Yu
Zbb

2ME YA 4m/2)xtytYD2 ’

where the values of the coefficients a, b, ¢, d depend on the fermion representation, see Table

)ll,", l) )Ll;; ‘Z%L l)
b b

Figure 7.4: The two relevant Feynman diagrams to determine the BSM contributions to flavour
changing Z couplings in CH scenarios. The bold purple lines represent the (both fermion and vector)
composite degrees of freedom, while the purple dotted lines are the Higgs insertions.

Table 7.1: Values of the coefficients a, b, ¢, d in Eq. (7.24)) for the various fermion representations:
doublet (D), triplet (T) and bi-doublet (BD).

| D | T | BD |
/2] 0 |1/(22%)
/2 | 0 1/22
-1/2 | -1/2 0
-1/2 ] -1 0

QU O R

Since we are interested in the Zbs case, we have to take into account a modification in one
elementary-composite mixing with respect to the 5g§£ case. Since

s = Vg x s3P, (7.25)

Y: Y;
S%%D _ ys2 _ Ys - Ys U _ ms X& U _ ms XSSI'%D, (726)
Ypsi  YpVissy  YpVis\| meye  mapVis YD\ meyr mpVis
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being S%D and S%D the analogous elementary-composite mixings in the Zbb case, we can state that

59%&;5 ~ Vis 59§bba 59§bs ~ 5912%2717- (727)

ms
myVis
In order to constrain the fermion mass myg from modified Z couplings, it is sufficient to relate
5g§;§ to the WCs Cs(al,)N P CY& ~yp- In fact, one can show that

2
9- 1 o L®) 1 2 (")
_%m%(ggzm X (_2+23w = ¢yNps (7.28)
2
9- 1 o (R N 0
_%méégzbs x <+2 = Clonp (7.29)

where the quantities in parenthesis in the are linear combinations of the left-handed and the right-
handed Zpup couplings in the SM. The numerical study shows that the right coupling 5g§bs (related
to the primed Wilson coefficients c;(lo) yp) gives a weaker bound on my with respect to the one

coming from the left coupling 59§bs (related instead to the unprimed Wilson coefficients cg(19), np)-

Furthermore, Eqs. (7.28])- (7.29) show that the constraints from the coefficients cglo) N p are stronger

than the ones by cé )N p due to the enhancement by the axial (or equivalently L — R) coupling of the

Z to the muon pair.

Let us briefly discuss what happens for the various choices of the flavour pattern of the strong
sector. Eq. is valid only for the anarchic scenario. For the U(2)? models, we do not have sizable
flavour-changing right-handed Z coupling, while the flavour-changing left-handed one has the same
structure present in Eq. if a further assumption is made. In fact, by construction in U(2)? models
the mixings can be chosen diagonal, but not proportional to the identity matrix. For this reason, in
U(2)3 computations one has to consider an additional parameter, let us call it r, [171], which can
be in principle complex. Thus, we recover Eq. for the left-handed coupling in U(2)3 models
if we require 73, to be O(1). Finally, in U(3)? models no modification of both the flavour-changing
left-handed and the flavour-changing right-handed couplings arise, as a consequence of the symmetry
pattern chosen.

In conclusion, in Table [7.3] we show the lower bounds on my resulting from the constraints on
cio,np- Note that, if we set z = 1, the bi-doublet model value results enhanced by a factor ~ 1.15
with respect to the corresponding doublet one.

e AF = 2 processes

In CH theories, a new contribution to AF = 2 interactions comes from an exchange of vector modes
between four fermions at tree level (without the insertion of Higgs VEVs). In this sense, the WCs
introduced in Eq. (6.21)) can be expressed as

2

bgAB _ 9p bg bg_ bgAB

v(s) = ;29498 (s) > (7.30)
P

where A, B = L, R and gzq( p) are functions of the various elementary-composite mixings. The values

of the coefficients 73?’;3 follow from group theory considerations, thus depend on the flavour pattern
associated to the strong sector and on the particular representation of the fermion modes. Their values
can be found in the Appendix A of [171].
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At this point, since

2 2
2 1 v
_1l_r 7.31
m% 12 m?p ( )

we can use the upper bounds on the WCs cl‘)/?é])g, previously obtained, in order to set a lower bound
on the mass my of the fermion modes. Let us consider separately the NP contribution to the vector
and to the scalar WCs.

i)

i)

Contribution to the vector WC cl{/?LL

In this case, the elementary-composite mixings read

b Tyt
gyl = sh st ~ Vg Vistg ~ vﬂ,vtg7 (g=d,s). (7.32)
Note that under the assumption Yy = Yp =Y there is no difference in this expression between
the doublet, triplet and bidoublet fermion representations. From Eq. (7.30]) we thus have

bgLL t 9
W (VeVisxiy:)
my = quLLj (g=d,s). (7.33)
%

Hence, the upper bounds on the Wilson coefficients (6.23]) and (6.27]) become lower bounds on
the mass of the fermion modes, whose values are reported in Table

For what concerns the flavour symmetry of the strong sector, these expressions are in general
valid for both the anarchic scenario and the U(3)? models. In these cases, then, the NP terms
in the amplitudes will have the same CKM suppression that we see in the SM, as discussed
in Eq. in the previous Chapter. In U(2)3 models, instead, this statement is true if the
additional parameter 7, (that we have previously described) is real, otherwise in principle a new
phase can arise from NP contributions. In other words, Eqgs. — are still valid in U(2)3
models if r is a real and O(1) parameter.

Contribution to the scalar WC cquR

Here we are interested also to the right-handed elementary-composite mixings, which read

YvYq

——— (¢=4d,s), 7.34
Yy Vi Vi ( ) (739

b b 2
9}? = SRdS(JJ%d ~ (%)

where again Yy = Yp = Y and the factor 22 in parenthesis applies only in the bidoublet
representation. Hence, from Eq. (7.30)) we finally find that

YnY.
my = (2%, (a=d,s). (7.35)

Cs

Note that in this case 'yquR = 1 for every choice of the fermion representation. In conclusion,
the resulting lower bounds on the mass of the fermion modes are reported in Table [7.3]

For what concerns the flavour pattern of the strong sector, this bound is valid only in the anarchic
scenario. By construction, in both the U(3)3 and the U(2)? the right-handed contributions are
zero.
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e Right-handed W couplings

The composite modes enter radiative B decays, i.e. b — sy transitions, since a BSM right-handed W
coupling to the quarks arise. We will be interested only in the one-loop IR contribution to the Wilson
coefficients Cp [154], which can be directly related to my as follows. Let us compute the effect of the
right-handed Wtb (Wts) coupling to C7 (C"?) by writing this coupling in the Lagrangian of the theory.
Consider for example the Wb case (the other one is completely analogous). This coupling takes the
form

%59@%@7@3@%. (7.36)
Similarly to the Zbb case, the two relevant diagrams are characterized by two insertions of the Higgs
VEV < h >= v in correspondence of the mixings between elementary and composite fermions or of
the p — W one, being p a vector mode. From the point of view of Feynman diagrams, the situation is
completely equivalent to what seen for flavour changing Z coupling in Figure [7.4]

Putting together the elementary-composite mixings, the propagators, the p—W coupling and (only
in the first case) the composite Yukawas, we obtain the final expression

2,2
v? ybYU V" Y
Sgity = — P b 7.37
Iwe = 9 Q a 4m/2) Ypxs ( )

where again the values of the coefficients a, b depend on the choice of fermion representation, see Table
Thus, the quantity ((7.37) is related to the WCs as

My 691y, mi
Cr = — G 7.38
7 me th loop(m%v)v ( )
where Gjoop is a loop-function, in particular Gloop(mt / mw) —0.78.

Table 7.2: Values of the coefficients a, b in Eq. (7.37) for the various fermion representations:
doublet (D), triplet (T) and bi-doublet (BD).

|D|T| BD |
a 1 1 _thyt/y
b|1]1 0

Furthermore, we can also find a relation involving C’; rather than C, i.e. an expression analogous to
Eq. . In order to determine ¢ g{}/ts, we have to take into account a different elementary-composite
mixing with respect to the § g{}/tb case, while the rest of the computation is identical. Recalling equation
, since

oD _ M 3D
SR = mb%s X SR N (739)

being s D the elementary-composite mixing in the Wtb case, it is clear that

/ my Mg 2

m
Cr = ——2_5¢5% Gloop(—L). 7.40
7 mbme}Q thb l p(m%/) ( )

ms

V2

Hence, the IR contribution to C; is enhanced by a factor with respect to the C7 case.
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In Tablewe show the lower bounds on my resulting from Eq. by taking into consideration
the upper bound at 20 on the imaginary part of C;, which is slightly smaller than the one on its real
part. This bound is valid only in the anarchic scenario since, by construction, in the U(3)3 and the
U(2)3 models no NP contributions to the right-handed W couplings arise.

Table 7.3: Lower bounds on my (in TeV) in the anarchic model from all the processes studied in these

sections. The results are presented for different choices of the fermion representation: doublet (D),

triplet (T) and bi-doublet (BD). Under the assumptions described in the main text, the bounds from

Q%’}iLL and Q?/SLL apply also in the U(3)? scenarios, while the ones from Ql{,dLL , Ql{/SLL
still valid in the U(2)% models.

and Oq¢ are

Lower bounds on myg (TeV)
Operators D ‘ T ‘ BD
| 0w | 87V | — | 10.0/Yw/z |
QbILL 7.7 3 11.1x 11.1x
QULE 2.3 2.3 2.3z
QYLL 8.0z 11.5 2 115z
QYLE 2.1 2.1 2.1z
0; 39VY /m | 3.TVY [ E 3.7
10F
8L
6
> O Im(CNP)
Cl\)/dLL
4r Cl\)/SLL
0 chf
I FCC
........ o
of LT - R
0 10 20 30 40

my (TeV)

Figure 7.5: The correlation plot my(TeV) VS Y choosing the doublet model as fermion representation

(we have set xy = 1). The constraints from Re (cgdLR) and Re (chSLR) are not shown. All these

constraints are valid in the anarchic scenario. Under the assumptions described in the main text, the

bounds from C"b/dLL and C{’/SLL apply also in the U(3)3 scenarios, while the ones from C‘b/dLL , C{’/SLL
and O} are still valid in the U(2)3 models.
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my (TeV)

Figure 7.6: The correlation plot my(TeV) VS Y choosing the bidoublet model as fermion representa-
tion (we have set z = x; = 1). Also in this case the constraints from Re (c%'*f) and Re (%) are
not shown. The same considerations present in the caption of Figure apply for the various possible

flavour patterns of the strong sector.

7.2.1 Summary plots

In this Section we show a summary of all the results found until now (and shown in Table as
correlation plots of the fermion mass myg VS the Yukawa coupling in the strong sector Y. We will
study two possible choices of the fermion representation, i.e. the doublet model and the bidoublet one,
separately.

In Figure we show our results in the doublet model. Here the results in the "D” column of
Table [7.3| are graphically represented, according to the color code described in Figure itself. Since
x4 is a free parameter varying in the range

il <r < X,

Y Ye
we make the conservative choice z; = 1. Note that there are other indirect bounds present in this
plot, represented as black curves. The dashed one results from the indirect Higgs coupling constraints
expected at FCC-ee [13], corresponding to & = v?/f? = 0.004. The dotted line comes from the chiral
enhancement to ex expected from the scalar operator Q‘fgdLR, as shown in [171]. Finally, the dot-
dashed curve corresponds to the bound from the Z partial width into b quarks, i.e. from Rp, that
emerges from a modification of the Zbb couplings in CH [171]. Note that, contrarily to the first one,
these two last bounds are expected not to improve so much in the future decade, given the very high
precision with which the related physical quantities have been measured until now.

At this point, few observations are in order. First of all, the most important message is that the
bounds coming from flavour physics result to be comparable to the ones coming from the other indirect
searches, in some cases even stronger. To be more specific, the constraint from the WC C’f\ép is the
most solid one, being less stringent than the one from ex only in the range Y < 2. In particular, these
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two bounds push the fermion mass my in the range O(15 — 20) TeV, so that we can finally state that
in not-completely natural CH models the doublet model is characterized by a huge predictivity.

In Figure [7.6] we show the analogous correlation plot choosing instead the bidoublet model. Here
we use the results presented in the "BD” column in Table preserving the same colour code of
Figure[7.5] In addition to z;, another free parameter z > 1 has to be fixed, hence we choose the values
x; = z = 1 in order to not further enhance the ex constraint. Here the situation is very similar to the
doublet case, thus we observe again the fundamental role of the limits coming from phenomenology
and flavour physics. The main differences are the stronger bound of the AB = 2 transitions, slightly
weaker than the ex one, and the more stringent constraint from C%P with respect to the one in the
doublet model, in particular for what concerns the high-Y region.
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Chapter 8

Explicit models 1I: LeptoQuarks

In this Section we will review the main motivations for and physical properties of the LeptoQuarks
(LQs). In the past five years, these BSM degrees of freedom have received a lot of interest especially
in relation to the flavour anomalies, which we have described from an EFT point of view in Chapter
[6l As we will see, many theoretical studies have been developed in order to explain the discrepancy
between expectations and measurements observed in these observables through LQs. While we have
proposed in Chapter |4|a study of the semileptonic B — D™y decays that allow to lighten the tension
in the R(D™) case, this is not the same for the R(K*)) ratios. Thus, we will review the results of
other studies about the impact of the LQs on the analysis of the LFU observables in semileptonic
B decays. Finally, we will mention possible UV completions of these theories, which allow also to
link CH scenarios and LQs to each other. Note that this Section of review is also functional to the
description of a particular Dark Matter model mediated by LQs, as we will describe in the following

Part [I1

8.1 Theoretical Framework

8.1.1 Candidates and Nomenclature

The LeptoQuarks were originally introduced by Pati and Salam in the 70s [180-182] and then further
studied in the last forty years, see for instance [183-190]. They are BSM degrees of freedom that can
turn leptons into quarks and viceversa, thus having the fundamental property of unifying matter.

In what follows, we will develop a classification of all the possible LQs that one can define, specifying
their quantum numbers under the SM SU(3) x SU(2) x U(1) gauge group [191]. In this sense, it is
important to define the fermion number F = 3B + L, where B and L are the baryon and lepton
number, respectively. We have a totality of six scalar and six vector LQs, that are shown in Table
Let us explain the rationale of such a classification and the main properties of these BSM particles.

First of all, since a LQ couples a quark and a lepton, which are triplets and singlets under SU(3),
respectively, all the LQs candidates have the same representation under SU(3). The assignment of
the dimensionality under SU(2) is, instead, not trivial, since both quarks and leptons are doublets
or singlets (according to their chirality) under SU(2). From group theory considerations, this implies
that a LQ can be a triplet, a doublet or a singlet under SU(2) and this choice is specified by the
subscript of the symbol associated to each LQ candidate. Furthermore, it can happen that many LQs
share the same SU(3) and SU(2) quantum numbers, but having different values of the hypercharge
Y. To highlight such a difference, a tilde or a bar is used in the LQ symbol. To explicitly compute
the LQ candidates hypercharge, group theory considerations are again straightforward. In fact, since
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Table 8.1: Classification of all the possible scalar (S) and vector (V) LQs, respectively [191].

Symbol || (S (3)1 U(2),U(1)) | S/V | Fermion number
Ss (3,3,1/3) S -2
Ry (3,2,7/6) S 0
Ry (3,2,1/6) S 0
Sy (3,1,4/3) S -2
S (3,1,1/3) S -2
Sh (3,1,-2/3) S -2
U¥ (3,3,2/3) V 0
vy (3,2,5/6) V -2
vy (3,2,-1/6) \Y% -2
Ut (3,1,5/3) V 0
Ut (3,1,2/3) % 0
oy (3,1-1/3) \% 0

Y is an additive quantity, it is sufficient to compute the value of the hypercharge of the contraction
of the particular quark and lepton representations associated to each LQ candidate.

In conclusion, note that in many UV completions of the theory incorporating one of these me-
diators, the LQs arise with partners of similar mass but different representations under the SM
SU(3) x SU(2) x U(1) gauge group. For this reason, one often considers two or more LQ candi-
dates for developing phenomenological applications to low-energy processes in Flavour Physics. These
facts will be deeply investigated and discussed in the following Sections.

8.1.2 The vector Ul and the scalars S; and S3

The general expressions of the LQs couplings to the SM particles (namely the Higgs, the gauge bosons
and the quark-lepton pairs) can be found in the Appendices of |[191]. Here we will examine some
illustrative examples, i.e. the vector LQ U!' and the scalar ones S; and Ss, since they have a central
role in the phenomenological applications to several flavour observables.

Let us thus start from this latter case. From Table we see that the quantum numbers of U}’
under the SM gauge group are (3,1,2/3), thus its interactions with the left-handed quarks @; and
leptons L, have the following Lagrangian structure:

Ly D gu(JEUL . + he), JE = BiaQi* La, (8.1)

where ¢, a are flavour indices. The structure of the 4-current J[’j depend on the matrixes S;,, whose
expressions are influenced by the particular flavour structure that we decide to assign to our model.
In other words, there will be a certain number of complex parameters which J(’j depends on, whose
definition fix the flavour structure of the theory. Moreover, we can obtain the form of the effective
Lagrangian by integrating out the LQ U} field, thus obtaining

Cuer o 12 gz B33 [ (@0 @ L 1) + (@@ )L (3.2)

where My is the LQ mass.
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The same considerations can be developed for the scalar LQs S and S3, whose quantum numbers
are (3,1,1/3) and (3, 3,1/3), respectively. Using the same notation adopted in Egs. (8.1)-(8.2), their

interactions can be written in Lagrangian form as
LgD glﬁLia(QCieLa)Sl + 9353,ia<QCieabLQ)S§ + h.c., (8.3)

where we have defined € = io? and Q¢ = CQT. Moreover, Sg are the three components of S3 under
SU(2). Also in this case the mixing matrices (1, and B3, depend on the flavour structure of the
theory and are, in general, different to each other. We can obtain the expression of the effective
Lagrangian by integrating out the two scalar LQs, obtaining

2 2
g * g3 * i aNiN(T aro
Lseft D — (iﬁl,ia/gl,jﬂ - ilw‘gﬁ?),iaﬁg,jg) [(Q Yo Q])(L/B'YMU L )}
S3

M3,
91/ lgs? (&4
) * ) * i iN(T 5 «
+ (agz PriaBlan + 33y BaiaBise) [(@m@)(TP L))

where Mg, and Mg, are the masses of the scalar LQs S7 and S3, respectively.

8.2 Phenomenological applications to the flavour anomalies

In the recent few years, lots of papers in literature have analyzed the impact of LQs on the study of
Flavour observables in a BSM framework. In what follows, we will review a very illustrative example
in this sense, i.e. the flavour anomalies, whose EFT description has been illustrated in Chapter [6] To
simplify the discussion, we will limit ourselves to consider the results of the papers [192]193], where
the authors have considered the simple scenario of a vector LQ U}'. We anticipate that these models
will be studied more in detail in Chapter however we give here an introduction for convenience.

8.2.1 Effective interactions of the vector LQ U} with the SM fields

In view of phenomenological applications, it is important to write down an effective Lagrangian to
describe the interactions of the LQ UL with the SM particles. The authors of [192,193] have considered
a slightly more general case than the one in Eq. , namely the possibility that the LQ can interact
also with right-handed fields. From the mathematical point of view, the resulting fermion current will
thus take the new form

1 . o
Ju = ﬁ[ T QL) + BE (dryuer)], (8.5)

where a new hermitian matrix B}? has been introduced. Now, without loss of generality they have
chosen for the SU(2) doublets the following mass eigenstate basis:

Qp=Viuy dp)',  Lp=(g €),

where Vj; is the CKM matrix. In this way, they have expressed the matrices 1%, 8% with the following
form [192,/193]:

0 0 pé 0 0 0
Bo=1| 0 B8 BT |, Br=|0 0 0 ; (8.6)
0 p* 1 0 0 B
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This is a very simple model, since one is retaining the minimal number of couplings that influence the
flavour anomalies, while setting all the other entries equal to zero. Moreover, one is assuming that
a hierarchy between these couplings exists, in accordance with the CKM flavour structure. In other
words, ﬂf, < By, %‘ < 1 and finally ﬁg’{ =0(1).

Under these assumptions, the authors of [192,/193] can finally integrate out the LQ U}" and obtain
the following compact expression for the effective Lagrangian (that can be consider a generalization

of Eq. (8.2))
L — 90 —2 iy olB Eoc B Jl % h io plBN\x (5B (Tt udl
Ueff vl —2(81) BR (LT ep)(dRQTL) + h.c. + BE (BR ) (EpvueR) (AR dR)

1ial*_ a\ (A 1ial*_a a\(Ai ~a (87>
+ BB (L L)@ QL) + 585 (BL) (Lo ", L) (@10 v QL)).
Here we have defined Cy = g?] / (4M(2]), by reabsorbing the energy scale of Eq. (6.1]) directly inside the
WC.

8.2.2 The influence of U!' on the flavour anomalies

In order to see the effect of the vector LQ Ul on the flavour anomalies, the authors of [192,/193] have
developed the EFT approach to the R(D®*)) and the R(K*)) ratios that we have described in Chapter
[6l Let us examine the two cases separately.

For what concerns R(D™), in this simplified model the vector LQ Ut" induce important con-
tributions to these flavour observables at tree-level. Note that, in this sense, a sizable effect comes
from the right-handed coupling B?{ (defined in Eq. ) By recalling the discussion developed in
Chapter |§|, the easiest way to estimate the effect of U}" to R(D®™) is to use the following approxiamte
formulee [192]:

R(D) ~ R(D)M x {1 + 2Cyv? Re {(1 — 1.595(8%)%) (1 + “fzﬁf + “fjjﬁf)] } . (8.8)

R(D*) ~ R(D*)°M x {1 + 2Cyv® Re [(1 —0.147,(8%)") (1 + ‘&Zﬂf - “E‘Zﬁ%f)] } ., (8.9)

where the factor n; ~ 1.8 takes into account the running of the scalar operator in Eq..

For what concerns instead R(K ), they have to consider the Ul" contributions both at tree level
and the one loop level. To simplify the discussion, in Eq. they have assumed a vanishing coupling
of the LQ to the electrons, thus U} will affect at tree level only the b — sup and the b — s77
transitions. This translates into the following NP contribution to the WCs Cg and Cjg (see Eq.
for the definition of the corresponding operators) [192,|193]

27
ONPH — _oNPI Cyv2Bst (o> 8.10
9 10 ViV, vv B (Br) ( )
Note finally that there is also, as mentioned before, a loop level contribution to b — sff transitions,
that give rise to another NP contribution to Cg, namely [194]

CNP,loop ~ 1 g

P e SO B (8" oglm /M) (8.11)

Although not explicitly reviewed in this Thesis, note that the flavour structure will influence
and induce important contributions also to other low-energy processes in flavour physics, as for instance
the leptonic B, — 7v and B — 7v decays.
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8.2.3 Summary plots

In Figure the results of the very recent analysis in [193] of the flavour anomalies in this simplified
Ut model are shown. The authors have defined

R(K™) — R(K®*)SM R(D®™) — R(D™))SM
() — () —
SR(K™) RIS , SR(D™) RO : (8.12)

where the theoretical estimates R(D™))5M correspond to the HFLAV estimates in Eq. , while the
R(K®)SM ones have been read from [195]. For what concerns instead the experimental values, the
R(D™) ones correspond to the HFLAV averages in Eq. , while the R(K®*)) ones are the LHCb
measurements of these quantities [136][137] (which are also shown in Figure[6.2). As clear from Figure
there is a good agreement between the model and the data for both the choices of 6?{ that have
been studied in [193], namely 8% = 0 (left panel) and 8% = —1 (right panel). The authors comment
also on the fact that the scenario with Bﬁ’{ = —1 is a bit disfavoured than the one with BS’{ = 0 since
the theoretical expectation of R(D*) reported by HFLAV Collaboration is lower in mean value with
respect to its experimental average. For the readers who are interested in this point, this is clear from
the explicit fit results reported by the authors in Table 3.2 of [193].

In conclusion, note that in literature many other (more or less recent) similar studies are present,
often with different flavour assumptions. See for instance [196/201] for the R(D™)) ratios, [202/209)
for the R(K™)) ones and [210/213] for their combined explanation.

SRp- SRp-

—0.1 0.0 0.1 0.2 0.3 —0.1 0.0 0.1 0.2 0.3
0.1 T T 1 T T T

0.0F * ] 0.0F * ]
—01f ] —0af ]
o —02F J o= —02f ]
< b
—03F R ] —03f 6 ]

—0.4F S ] —0.4F —_— ]

5 .
0.1 0.0 0.1 0.2 0.3 —02 00 0.2 0.4 0.6 0.8
ORp ORp

Figure 8.1: The coloured areas are the 1o and 20 regions preferred for explaining the R(D(*)) and
R(K)18 anomalies. The authors have adopted, in the R(D(*)) case, the theoretical and the experi-
mental averages stated by the HFLAV Collaboration, see Egs. (3.2)-(3.3)). The orange area (left figure)
corresponds to the choice ﬂ?{ = 0, while the purple one (right figure) to ﬂ?{ = —1. Taken from [193].

8.3 Possible UV completions of the LQs theory

To conclude this review about LQs, let us examine a couple of examples of UV completion of the
theory, which is a very challenging topic. We know that LQs unify matter, pointing then towards
possible gauge coupling unification theories [214-216|. It is thus necessary to develop a mechanism
that can, in principle, unify the scalar LQs with the Higgs. This is not a simple task since the scalar
LQs may, in principle, mediate proton decay, which is subjected to very strong constraints. In other
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words, we have to ensure that the Higgs (which is a doublet of SU(2)), has to be light, while, at
the same moment, an associated scalar LQ (which is, by construction, a triplet of SU(3)) has to be
heavy enough to satisfy the bounds on the proton lifetime. This issue is often called the doublet-
triplet splitting problem. The main difficulty here is that the doublet and the triplet live in the same
representation, thus a large mass splitting between them is unnatural. So: which UV completion of
the theory can ensure a solution to these problems?

A first possibility is offered by SUSY. From the point of view of the field content of a supersym-
metric theory, each of the known fundamental particles of the SM has a so-called superpartner, whose
spin differs from its one by 1/2 unit. This means that each fermion will have a scalar superpartner and
viceversa. In the simplest realization of a theory with such a symmetry, called the Minimal Supersym-
metric Standard Model (MSSM), this property brings to new 32 distinct masses corresponding to (yet)
undiscovered degrees of freedom [217]. The link with the LQs is that the the scalar partners of all the
quarks have the same quantum numbers of the LQs themselves. However, the MSSM is characterized
by another fundamental property, the so-called R-parity or matter parity [218-222|, which has the
role of ensuring the conservation of the baryon and the lepton numbers as a postulate and not as
an accidental symmetry, like it is in the SM. Again, this issue is a consequence of the experimental
non-observation of the proton decay, as discussed for instance in [223-225]. Turning back to LQs, the
unification of quarks and leptons within the SUSY framework requires the violation of the R-parity.
These topics have been widely discussed in the literature, see for instance [226-236].

A second possible UV completion is offered, instead, by the CH framework, which we have deeply
discussed in the previous Chapter[7] The idea is the following. As we have seen there, in these scenarios
a new strongly-coupled sector breaks (spontaneously) a global symmetry and, thus, the Higgs arise
as a composite pNBG. In the UV regime, this mechanism can be realized by introducing new heavy
degrees of freedom, called the hyper quarks \I/ZC 17» Which are vector-like and are also charged under a
(asymptotically free) gauge group, called the hyper colour Gop. Note that the hyper quarks have to
respect a fundamental property, namely to be charged under the EW SU(2)r, x U(1)y group [237-244].
At this point, one can also hypothize that they are charged also under the SU(3) group (as the LQs
are). In this way, one can obtain the scalar S and S3 as pNGBs, or the vector Uy and Us as composite
vectors [2451[246].



Part 111

Dark Matter and its connection with
Flavour Physics

113






Chapter 9

The existence and the detection of
Dark Matter

The majority of the amount of matter that constitutes our Universe is represented by non-baryonic
matter, namely the so-called Dark Matter (DM). The existence of DM has been demonstrated by
several astrophysical and cosmological probes, although at present its nature is completely unknown.
Observations suggest, however, that whatever Dark Matter candidate has to respect the following
physical properties and constraints:

e it can interact gravitationally and, more specifically, it must have the ability to form gravitational
clusters;

e it must be stable on cosmological time scales, since we can observe it and, thus, it cannot have
decayed by now;

e it has to be dark, then it cannot (or can very weakly) interact electromagnetically with photons;

e it cannot interact strongly with other particles, given the experimental bounds arising from Big
Bang Nucleosynthesis (BBN);

e it must have the same relic density that has been measured by Planck, i.e. [247]
Qparh? = 0.11933 + 0.00091, (9.1)

where h represents the dimensionless Hubble constant.

In what follows, we will firstly review the main probes of the existence of Dark Matter and, considering
that it can suffer only gravitational and weak interactions, the possible experimental ways to detect
it.

9.1 Rotation curves of the galaxies

The first evidence for the existence of DM is represented by the distribution of the masses inside the
clusters of galaxies. Following the same ideas of the articles of Zwicky on the subject [248,249], the
mass of a cluster can be derived through the wvirial theorem, according to which, assuming that the
total moment of inertia of the galaxies is zero in the center of mass frame, the kinetic energy K and the
potential energy U are related by the simple relation 2K 4+ U = 0. Moreover, if the mass distribution
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is spherical, the potential energy can be expressed as U = —GM?/R (where M and R are the mass
and the radius of the cluster of galaxies, respectively), so that the virial theorem can be written as

<v?>= G—M
R )
where < v? > represents the velocity dispersion of the galaxies inside the cluster.

Thus, one would expect this physical quantity to behave as < v? > 1/R at large distances from
the center of the cluster. This can be verified experimentally, since < v? > is three times the velocity
dispersion along the line of sight, which can be determined through the Hubble law. However, a
typical result is shown in Figure for the Triangulum Galaxy (or M33 galaxy). Here, the dashed
line represents the naive theoretical expectation, while the solid one corresponds to the effectively
measured rotation curve. The only way to explain this behaviour is to assume the existence of much
more matter than only the visible one, namely the DM, inside the observed galaxy.

V,kms™!

Observed rotation
curve

100

Rotation curve expected
i without dark matter

5 10 R. kpc

Figure 9.1: Rotation curve of the Triangulum Galaxy, taken from [250].

9.2 Gravitational lensing

A second important probe of the existence of Dark Matter is the so-called gravitational lensing, which
is a consequence of one of the most important tests of General Relativity, i.e. the deflection of light.

It is well-known that the trajectory of a massless particle, let us say for example a photon, can be
influenced and modified by the presence of a massive body. The resulting expression and numerical
value of the deflection angle can be exactly computed in General Relativity, for instance in presence of
a Schwarzschild background. From the historical point of view, the first observation of the deflection of
light was developed in 1919 by Eddington, Dayson and Davidson during a solar eclypse. They measure
the apparent position of a source behind the Sun during the eclypse, in which moment the light coming
from this source was able to reach the Earth thanks to the huge reduction of the solar luminosity. They
then computed the deflection angle of the light trajectory by comparing the measured position of the
source with another one, observed precisely when the Earth is on the opposite side of its revolutionary
orbit around the Sun.
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The same physical phenomenon is at present often used to study the distribution of DM inside both
galaxies and clusters. According to the level of distortion of the image observed, gravitational lensing
is divided into two opposite regimes, i.e. the weak and the strong lensing [251]. The two different
cases are graphically represented in Figure|9.2l The weak lensing, which is extremely common in the
Universe, is generated in regions where the massive body (namely the lens) is located further away
from the line of sight from the observer to the light source. For this reason, it produces only small
image distortions and, in fact, can be detected only through a statistical study of a huge number of
lensed sources. On the contrary, the strong lensing, which is much more rare than the weak one, occurs
when the massive body is located very near to the line of sight, thus producing high magnifications
and multiple images. Note that the strong lensing effects can readily be associated to specific and
dense mass distributions, in fact they are often studied in order to detect DM halos.

vAgs
N AR ¥

Figure 9.2: Graphical representations of weak (a) and strong (b) gravitational lensing. The lens is

illustrated as a gray elliptical galaxy, surrounded by a DM halo (which extends to the outer circle).

In the weak lensing case, the lens lies far from the line of sight (dashed line) between the observer

(eye) and the light source (star), thus only a single image is produced, subject to mild magnification

and distortion. On the contrary, in the strong lensing case the line of sight is aligned with the dense

central ellipse. For this reason, the light from the source reaches the observer by following different
paths, then generating separate images in the sky. Taken from [251].

9.3 Bullet Cluster

There is also another proof of the existence of Dark Matter, which can be considered direct and em-
pirical, that has to be mentioned, namely the Bullet Cluster (1E0657-558). It represents an important
example of colliding clusters. The majority of the baryonic mass present inside these clusters is in
the form of intergalactic gas, which reached very high temperatures because of the collision. This
increase of temperature has determined a huge emission of X-rays, which are detectable through a
X-ray telescope. This is an observational strategy to detect the matter distribution of the colliding
clusters and generates the pink area in Figure At the same time, the total mass of the Bullet
Cluster can be reconstructed by weak lensing, since both the clusters act like gravitational lenses, and
thus detectable through an optical telescope. The corresponding matter distribution is represented by
the blue area in Figure (9.3

The entity of the pink and the blue areas allows one to state that a non-negligible tension exists
between the distribution of ordinary matter and the total mass of the Bullet Cluster, as clearly shown
in [252,1253]. A direct and natural explanation of this discrepancy is the existence of non-baryonic



118 CHAPTER 9. THE EXISTENCE AND THE DETECTION OF DARK MATTER

matter inside the clusters. Note that the debate on this issue is still on-going. In fact, the theoretical
expectation (that do not reproduce the observation) coming from the numerical cosmological simula~
tions in the ACDM model seems not to be stable under the change of some properties of the codes
themselves, such as the size of the simulated model box.

Figure 9.3: Image of the Bullet Cluster. See the text for details about the physical meaning of the
pink and the blue areas.

9.4 An instructive example: the WIMP paradigm

Let us highlight that, both in what follows and in the following Chapters, we will specialize the
discussion on the assumption of an elementary nature of DM [254]. This is not the unique possibility.
In fact, there are other models that hypothize the existence of extended objects as DM. In this sense
probably the best example is offered by the Primordial Black Holes [255-257], which have gained
increasing interest in the recent few years [258-260] after the first detections of Gravitational Waves
from black hole binaries.

At present, there exist many models of DM candidates of elementary nature which can explain
the observed abundance of DM in our Universe and which have all the properties discussed at
the beginning of this Chapter. Among them, without any doubt the most famous one is represented
by Weakly Interacting Massive Particles (WIMPs). In this Section, we will give an introduction to
the physics underlying the WIMP scenario and we will then extend the discussion to two possible
generalizations, i.e. the inclusion of bound states in Chapter and the thermal decays of DM in
Chapter

In the standard scenario, one assumes that in the early universe WIMPs were produced in collisions
between particles of the thermal plasma. In fact, in this phase of the history of the Universe the
termperatures were very high, 7' > m, (where m,, is the WIMP mass), thus the colliding SM particles
pairs had enough energy to create efficiently WIMPs. Note that also the inverse reactions, i.e. the
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ones that convert WIMPs into SM particles, were initially in equilibrium with the aforementioned
production processes. To summarize, we are considering annilihation processes of the form DM DM <«
SM SM, whose common rate can be indicated as

Ton = <aamv>n§q, (9.2)

where o, represents the WIMP annihilation cross section and v is the relative velocity of the WIMPs.
Moreover, ny! is the WIMP number density at the thermal equilibrium and, finally, the brackets
indicate an average over the WIMP thermal distribution.

Now, during the expansion of the Universe the temperature decreased. In particular, WIMPs
decoupled from the thermal plasma when 7' < m,. Thus, in this phase their abundance lowered
and lowered, until ”freezing out” when the expansion rate of the Universe became larger than the
WIMP annihilation rate, i.e. when H > T'y,,, where H denotes the Hubble constant. Note that the
expression freeze out has a precise meaning: when H > I'yy,, the annihilation of WIMPs ceased and,
thus, the number of WIMPs in a comoving volume remained approximately constant.

From a quantitative point of view, some numerical estimates can be developed by describing the
evolution of the WIMP density through the Boltzmann equation, namely

—= +3Hn, = —(0ann?) [(nx)2 — (n;q)ﬂ , (9.3)

where t is time. An alternative formulation is also possible. From the law of entropy conservation,
namely

ds
— = -3H 94
©— 3Hs, (94)

where s represents the entropy density, we can rephrase the Boltzmann equation (9.3)) as

= L ) (V7 Y3, (9.5)
where we have defined the abundance Y = n/s and the variable x = m/T. Recalling that in cosmology
the entropy density is s = 2w2g. T3 /45, where g, counts the number of relativistic degrees of freedom,
one can solve numerically the Boltzmann equation by imposing the initial condition Y = Y,
at x ~ 1, in order to compute the present WIMP abundance Yy. In Figure we show the final
result for illustrative purposes. This plot allows us to finally summarize what said before. At the
freeze out temperature (T%,), since the WIMP annihilation rate becomes of the order of the Hubble
expansion rate, the WIMP annihilation becomes negligible and, thus, the WIMP abundance per
comoving volume reaches its final value. Note that in the standard cosmological scenario the WIMP
freeze out temperature is T, ~ m, /25 [261].
In conclusion, this machinery allows us to compute the WIMP relic density, namely

0 —27
Qpah? = p—ghQ ~ 31077 em®s7L, (9.6)
Pe (Tannv)
where pg and p? are the present WIMP and critical density respectively. By recalling the observed
value of Qparh? , one thus has that (04n,v) =~ 3 -10726cm3s™!, which implies that we have
obtained a cross section of weak strength for WIMPs. This scale of the annihilation cross section is
what is expected in several BSM scenarios for a new particle with mass around the EW scale that
interacts via the EW force. This coincidence is known as the WIMP miracle and has provided a very
strong motivation for experimental WIMP searches.
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Figure 9.4: Typical evolution of the WIMP abundance in the early universe during freeze-out.
Taken from [262].

9.5 How to detect Dark Matter?

Once convinced about the existence and the properties of DM, we can ask themselves which are the
experimental strategies in order to detect it. This is a fundamental task, since measurements can in
principle exclude theoretical models and candidates of DM which have been widely proposed in the
past decades. For this reason, the search for DM is at present one of the most important experimental
challenges for physics and can be distinguished in three distinct lines of research: Direct Detection,
Indirect Detection and production at high-energy colliders. Let us explain the main ideas underlying
these three experimental strategies, graphically illustrated in Figure (9.5

9.5.1 Direct Detection of DM

The idea at the basis of Direct Detection (DD) strategies is the possibility to detect WIMP candidates
through their scattering with nuclei in Earth-based experiments. Note that the same strategy can be
implemented also for the detection of neutrinos through their elastic interaction with nuclei. For this
reason, in fact, this kind of scattering constitutes a fundamental background for DD measurements,
called neutrino floor, that cannot be eliminated because of the neutrino flux from the sky and that
originates a signature that is indistinguishable from the one of a WIMP candidate. Very different
techniques have been implemented over the time to detect the scattering of WIMPs on nuclei, namely
scintillation light, which can be produced by de-excitation of nuclei, charge from ionization of atoms
or phonons in bubble chambers. This is very challenging from the experimental point of view since,
depending on the choice of the particular detection technique, a variety of target materials are employed
in DD experiments. In the following Sections, we will analyse the impact of DD searches on two specific
DM models.
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Figure 9.5: Schematic representation of the possible experimental strategies to detect DM particles.
Taken from [263].

9.5.2 Indirect Detection of DM

Another intriguing possibility for DM discovery is offered by Indirect Detection (ID) techniques. As
clear from Figure [0.5] the basic idea is to detect the products of annihilation processes involving DM
particles, which can be in principle significant in our Universe. In other words, we should be able
to detect an excess of SM particles above the standard astrophysical background and consequently
address this issue towards the presence of DM annihilation processes.

Also in this case different experimental techniques can be implemented, namely we can look for
different types od produced SM particles. The more attractive choice is constituted by the ~-rays,
which can be emitted in different ways and thus produce very distinct spectral features. In this
sense, photon observations can be primarily developed either with space telescopes and with ground-
based Cherenkov detectors. We will see the impact of such kind of DM searches in the WIMP
scenario. Note that other types of ID strategies can be complementary to ~-ray observations, namely
the measurements of charged cosmic rays and/or neutrino telescopes.

9.5.3 Production of DM at colliders

The last possibility to detect DM is to directly produce it at colliders, given the interactions with the
SM particles that each DM candidate has. Since by definition it is dark, such a particle is invisible to
the detectors. Thus, the relevant signature that we can associate to DM is a large amount of missing
momentum (or energy) when detecting one or more visible SM particles.

This kind of DM detection has to be considered complementary to DD and ID searches and is
acquiring increasing interest in view of the realization of future high-energy colliders. Such machines,
in fact, will be in principle able to exclude a broad class of models characterized by O(TeV) mass scale
for DM candidates, as for instance in the WIMPs case. For this reason, in the following Section we
will study the discovery potential of WIMPs at a future high-energy lepton collider. Here we want to
stress that this kind of study can be developed also at a high-energy hadron collider, in fact part of
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the experimental program of FCC-hh will be devoted to DM production.



Chapter 10

A final word on WIMP Dark Matter

The possibility that DM is a new Weakly Interacting Massive Particle, thermally produced in the
early Universe and freezing out through 2 — 2 annihilations into SM states, remains one of the main
motivations for NP in the 10 GeV — 100 TeV range, as we have seen in the previous Chapter. A
particularly interesting possibility within this framework, because of its minimality and predictive
power, is that the DM is the lightest neutral component of one EW multiplet. In other words, we will
add to the matter content of the SM the minimal number of new degrees of freedom, i.e. a fermionic
or scalar n-plet of SU(2). We will consider firstly the real cases with odd n and zero hypercharge, since
they automatically avoid strong constraints from direct detection searches, and then we will generalize
the discussion to the complex cases. Note that the lightest particle in any such representation can be
made stable by enforcing a symmetry acting on the DM only, with the exceptions of the multiplets for
which such a symmetry arises accidentally in the renormalizable Lagrangian. However, we shall see
that in general this can require additional assumptions about the completion of the theory at some
high UV scale.

The predictive power of WIMP scenarios mainly relies in the fact that the only physical parameter
to be determined is the mass of these new degrees of freedom. To achieve this goal, for any given
n-plet, computing the EW annihilation cross-section in the early Universe allows to infer the WIMP
cosmological abundance. By requiring it to match the measured value of the DM abundance today,
Qpmh? = 0.11933 4 0.00091 [247], the mass of the n-plet can be univocally determined. These mass
predictions are an essential input to assess if and how the future experimental program will be able to
fully test the EW WIMP scenario. To be precise, note also that in the case of complex WIMPs, once
the mass is fixed from the freeze-out predictions, the phenomenology of these degrees of freedom will
depend essentially on two other parameters, as we will discuss in what follows.

For these reasons, in what follows we will firstly describe the EW WIMP paradigm and the main
features of our freeze-out computation. Then, we will analyze the discovery potential of WIMPs at
future experiments. To be more specific, on the one hand we will discuss the implications of our study
for a future high-energy muon collider, while on the other hand we will re-examine the reach of DD
and ID experiments in light of our findings.

My main contribution in this project concerns the study of Direct Detection searches. To be more
specific, in both the real and the complex cases I have computed the cross sections of the scattering
of DM with the nuclei and compared them with the reaches of present and future experiments. I have
also contributed to the investigation of the discovery potential of WIMPs at muon colliders, through
the study of the channels of production of one or two SM gauge bosons, as well as disappearing track
searches. The details of all these computations can be found in the last three Sections of this Chapter.
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10.1 Which WIMP?

Dark Matter spin | EW n-plet | M, (TeV) | (00){5%/(cv){50 | Avandan/Mpym | Auv/Mpum
3 2.53 +0.01 — 2.4-10%7 4. 10%4%*
5 15.4+0.7 0.002 71036 3.10%
7 54.2 +3.1 0.022 7.8-106 2.10%
Real scalar
9 117.8 +15.4 0.088 3-10% 2.10%
11 199 + 42 0.25 62 1-10%
13 338 + 102 0.6 7.2 2.10%
3 2.86 + 0.01 — 2.4-10%7 2. 1012*
13.6 £ 0.8 0.003 5.5-1017 3-1012
) ) 7 48.8 +3.3 0.019 1.2-10% 1-108
Majorana fermion
113+ 15 0.07 41 1-108
11 202 + 43 0.2 6 1-108
13 324.6 + 94 0.5 2.6 1-108

Table 10.1: Freeze-out mass predictions for WIMP DM in real EW multiplets with ¥ = 0. We
provide a measure of how close the DM annihilation cross-section is to the unitarity bound for s-wave
annihilation (0v)750 = 4w /M3, v. Approaching the unitarity bound, the error on the WIMP mass
grows proportionally to the enhancement of the next-to-leading order (NLO) contributions estimated in
Eq. . We derive the scale where EW gauge coupling will develop a Landau pole by integrating-in
the WIMP multiplet at its freeze-out mass. The stability of both scalar and fermionic DM candidates
can always be enforced by requiring a Zo symmetry in the dark sector to forbid their decays. This
symmetry forbids the scalar and fermionic 3-plets decay at renormalizable level as indicated by the *.
The value of the UV cut-off Ayy gives an idea of the required quality for this symmetry to make DM
stable and avoid stringent bounds on decaying DM (rpy > 10%sec) [264]: a new physics scale lower
than Ayy would require a Zs to explain DM stability, while a cut-off higher than Ayy would make
DM stability purely accidental.

We summarize here the logic of our WIMP classification, which is inspired by previous papers
on the subject [265-269]. Requiring the neutral DM component to be embedded in a representation
of the EW group imposes that Q = 75 + Y, where T3 = diag ("TH — z) with i =1,...,n, and Y is
the hypercharge. At this level, we can distinguish two classes of WIMPs: i) real EW representations
with Y = 0 and odd n; ii) complex EW representations with arbitrary n and Y = + ("TH - z) for
i = 1,...,n. Within class ii), we can further distinguish two subclasses of complex WIMPs: a)
complex representations Y = 0 and odd n; b) complex representation with Y # 0 with even n (odd
n) for half-integer Y (integer Y'). Note that the first subclass is a straightforward generalization of
the models analyzed in [4] where the stability of the DM is guaranteed by an unbroken dark fermion
number which can be gauged as was first done in Ref. [269].
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10.1.1 Real WIMPs

Let us firstly focus on the first class of WIMPs, i.e. on class i), which is particularly interesting because
the DM does not couple to the Z-boson at tree level, avoiding strong constraints from direct detection
experiments. This choice brings to the EW multiplets listed in the first two columns of Table [10.1}
At the renormalizable level, the extensions of the SM that we consider are

1 2 1.9 9 A 22 Ay 4
Lo==(Duy)? - = A g 2 10.1
s = 5 (Dux)” = 5Mx" = ==X H = 25X, (10.1)
1
Li= §X (ta" D, — My) x (10.2)

for scalars and fermions, respectively, where D, = 8, — igosW T} is the covariant derivative, and T}
are generators in the n-th representation of SU(2). The values of the masses of the WIMPs of interest
are listed in Table and we will explain precisely how they have been computed in what follows.
Note also that the Lagrangian for the real scalar in Eq. also admits quartic self-coupling and
Higgs-portal interactions at the renormalizable level. As we will see, the latter is bounded from above
by direct detection constraints and gives a negligible contribution to the annihilation cross-section.

The neutral component and the component with charge @ of the EW multiplet are splitted by
radiative contributions from gauge boson loops. In the limit myy < Mpy these contributions are
non-zero and independent on M, . This fact can be understood by computing the Coulomb energy of
a charged state at distance r 2 1/myy or the IR mismatch (regulated by myy ) between the self-energies
of the charged and neutral states. The latter can be easily computed at 1-loop [270-272],

Q2aemmW

Mo — My~ —~ "7 0% x (167 +4) MeV 10.
Q 0 2(1 + cos Oy) Q" x (16 ) MeV, (10.3)

with the uncertainty dominated by 2-loop contributions proportional to am;/167. These have been
explicitly computed in Ref.s [273,274] giving a precise prediction for the lifetime of the singly-charged
component, which decays to the neutral one mainly by emitting a charged pion with
120 mm
LY (10.4)

where 27'+1 = n. The suppression of the lifetime with the size of the EW multiplet can be understood
in the M, > my limit where the mass splitting between the charged and neutral components is
independent of n while the coupling to W is controlled by /T(T" + 1)/2. As we will discuss in what
follows, the production of a singly charged DM component at colliders gives the unique opportunity
of probing EW multiplets with n = 3 and n = 5 through disappearing tracks [265],275-278|.

Interestingly, the IR generated splitting from gauge boson loops is not modified substantially by
UV contributions. The latter are generated only by dimension 7 (dimension 6) operators if the DM is
a Majorana fermion (real scalar) and can be written as

C

A H'TH)(HI T H) | (10.5)
AUV

AL D

with ny = 3,2 for I = f,s. This corresponds to a splitting AM; ~ clv4/A%IVMf<’_”I which is always
negligible with respect to the residual error on the 2-loop splitting for Ayy 2 100 TeV and ¢ ~ O(1).

We now move to discuss DM stability. In the case of the EW 3-plet, the renormalizable operators
YHTH and YHL, for scalars and fermions, respectively, can induce fast DM decay. We assume
these operators to be forbidden by a symmetry (e.g. a discrete Za-symmetry) acting only on the
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DM sector. For all the other n-plets with n > 5, instead, Z>-odd operators are accidentally absent
at renormalizable level. Higher dimensional operators that break the Zs-symmetry are in general
expected to be generated at the ultraviolet cut-off scale Ayy. A lower bound on this energy scale is
obtained by requiring the DM lifetime to be long enough to circumvent cosmological bounds [279}280]
(Tpm = 10 sec) or astrophysical bounds on the decay products of decaying DM [264,281,282] (Tpy =
10%® sec). We can then quantitatively measure the required quality of the Zs-symmetry by considering
the ratio between the minimal Ayy allowed by the constraints and the WIMP freeze-out mass. By
considering the operators of lowest dimension that can induce the decay of scalar and fermionic
WIMPs for generic n, one can use a naive dimensional analysis to estimate Ayy, assuming all the
Wilson coefficients to be O(1), as given in Table for all the relevant n-plets.

Requiring perturbativity of the EW gauge coupling above the WIMP thermal mass can provide an
upper bound on the dimension of the SU(2) representation. Indeed, large SU(2) n-plets will make the
EW gauge coupling run faster in the UV, eventually leading to a Landau pole. In Table[I0.1]we provide
the value of the scale Apangau Such that go(Apandan) = 47. We integrate the RGE equations for the
SM gauge couplings at 2-loops and integrate-in the n-plet at the WIMP thermal massE Comparing
Alandan and Ayy, we see that the stability of the fermionic n-plets with n < 5 only depends on
physics in a regime where the EW coupling is still perturbative. Instead, the stability of n-plets with
n > 5 requires specifying a UV completion for the EW gauge group that does not give rise to the
dangerous operators inducing the decay of scalar and fermionic WIMPs. In this sense, the Majorana
5-plet studied in Ref. [265] is special, because it can be made accidentally stable by raising the scale
Ayv, without any further assumption on the nature of the UV completion at Ayandau. At this point,
requiring Ayv/M,, 2 10 to ensure perturbativity of the theory up to well above the WIMP mass would
select n < 9 for fermions, and n < 11 for scalars. However, requiring a large hierarchy between Ay andau
and M, is not necessary to ensure the calculability of thermal freeze-out, which depends only on EW
processes at energies much below the DM mass. A more robust upper bound on the dimension of the
SU(2) n-plets will be derived later by appropriately analyzing the s-wave unitarity of the annihilation
cross-section. We anticipate here that this second bound will require n < 13 for both fermionic and
scalar WIMPs.

10.1.2 Complex WIMPs

At this point, let us discuss the second class of WIMPs, i.e. the class ii) b). Recall that we are referring
to complex WIMPs with Y # 0, whose phenomenology differs substantially from the one with Y = 0.
Here, we are going to focus the discussion only on the fermionic case for reasons of both space and
clarity. This choice brings to the EW multiplets listed in the first two columns of Table [10.2l The
discussion on the complex scalar WIMPs, instead, can be found in [12].

Now, the minimal Lagrangian for a fermionic complex WIMP with Y £ 0 is:

Y+

. Yo
Lp = — M. —_— .C.
D X(le X)x+A4U)(;1(90+AUVO+—|—hC )
1 ; e 2Y
O = —— (W(TH? x°) [(H)—H 10.6

a
0, = —yT“XHT%H ,

LOur results are compatible with the ones found in Ref. |1283] (where x is integrated-in at Mz) given that Avandau/MbpM
is approximately independent on Mpu.
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DM spin | ny | M, (TeV) AIﬁjau EZZ;%;; dmgy [MeV] IEE\ZX dmgq,, [MeV]
2. [ 1.08+0.02 > Mp - 0.22-2-10% 107 4.8 - 10*
3i 2.85+0.14 > Mp - 0.22 - 40 60 312 - 1.6 -10*
4 4.840.3 ~ Mp; 0.001 0.21-3-10* 5-10° 20 - 1.9 -10%
5i 9.94+0.7 3-106 0.003 0.21 -3 25 103 —2-103
DF 6: | 31.8+5.2 2-10% 0.01 0.5-2-10* 4-10° 100 - 2 - 10*
si 82+38 15 0.05 0.84 - 10* 10° 440 - 10*
101 158 £ 12 3 0.16 1.2-8-10° 6-10* 1.1-10%-9- 103
12i 253 + 20 2 0.45 1.6-6-10> 4-10* 2.3-103-7-10°
2;2 0.58+£0.01 > Mp; - 49-1.4-10* - 4.2-7-10°
:ﬁ 2.14+0.1 > Mp; - 3.7 - 500 120 75 - 1.3 -10%
4, | 4984025 > Mp 0.001 49-3-104 - 17 - 2 -10*
5i 11.5+0.8 > Mp, 0.004 3.7-10 20 650 - 3 -10°
CS 6, | 327453 ~6-103  0.01 49 - 810 ; 50 -5 - 10
8; 84438 2.10% 0.05 4.9 -6 -10* - 150 - 6 - 10*
10. | 162+ 13 20 0.16 49-4-104 - 430 - 4 - 10*
122 263 + 22 4 0.4 49-3-10* - 103 - 3-10*

Table 10.2: Thermal masses of complex WIMPs with Y # 0, obtained including Sommerfeld enhance-
ment and BSF, for Dirac Fermion (DF) and Complex Scalars (CS). The upper bound on n for even
multiplets comes from the perturbative unitarity bound, as can be seen from the (ov){%/(0v)]=0,
where (0v)7=9 is the maximal allowed annihilation cross section [284]. The loss of perturbativity is
also signaled by the Landau pole Arandau progressively approaching the DM mass. The upper bound
on odd n with Y = 1 comes from the perturbativity of the higher dimensional operators generating
dmg . For multiplets with n > 5 the largest UV cutoff AR required to generate the minimal vi-
able splitting is smaller than 10Mpy;. For each candidate we provide the allowed range for the mass
splittings. The lower limit on dmg comes from strongest bound between direct detection and BBN
as shown in Figure The upper bound from the most stringent condition between DD constraint
from PandaX-4T [285] and the perturbativity of the coupling of Qg in Eq. . Similarly, the lower
limit on dmg,, comes from the BBN bound on the charged state decay rate, while the upper limit
from the strongest limit between DD and the perturbativity of the coupling of O in Eq. .

where T is again a SU(2), generator in the DM representation. The main difference with respect
to real WIMP case in Eq. is that the renormalizable Lagrangian is no longer sufficient to make
the DM model viable. In Eq. we write the minimal amount of UV operators required to make
the DM model viable. In principle, we can consider additional operators, obtained from the ones in
Eq. by adding a 5 inside the DM bilinear. However, one can demonstrate that these operators
give subleading contributions both to the mass splittings, that we are going to define and discuss,
and to the DD signals, that we will discuss at the end of this Chapter. Thus, in what follows we will
neglect them.

The non-renormalizable operator Qg is required to remove the sizeable coupling to the Z boson of
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Figure 10.1: Summary of the lower bounds on the neutral mass splitting dmg. The dark green
shaded region is excluded by tree-level Z-exchange in XenonlT [287] for both scalar and fermionic
DM. The dashed green line shows what XenonlT could probe by analyzing high recoil energy data.
The blue and red lines are the BBN bounds on the splitting for fermionic and scalar DM respectively.

the neutral component yn of the complex EW multiplet

1eY
Ly=——X : 10.7
727 &in Ow cos Oy XnExn ( )
This coupling would lead to an elastic cross section with nuclei already excluded by many orders of
magnitude by present DD experiments [286]. After the EWSB, Qg induces a mixing between xy and
X%- Replacing the Higgs with its VEV, (H CT)%GH is non-zero only if we pick 0® = o™, so that the
new (pseudo-Dirac) mass terms in the Lagrangian read

_ (5m0 . —
Lm = MXNXN +— XX + X NXN]
v 4y (10.8)
omo = dyocnyoAuv <> ;
" V2Auy
where ¢,yg = W HE/Z_E;LQ'IQ' 3 (™ + ) (%52 — j) contains the normalization of Oy and the

matrix elements of the generators. The mass eigenstates are Majorana fermions, xo and xpm, with
masses Mo = M, + dmg/2 and Mpy = M, — émg/2, whose coupling to the Z boson is
1eY
=—¥X . 10.9
sin By cos Oy Xo#xon ( )
The Z-mediated scattering of DM onto nucleons is no longer elastic and the process is kinematically
forbidden if the kinetic energy of the DM-nucleus system in the center-of-mass frame is smaller than
the mass splitting

MDMmN

- 10.10
Mpm + mpy ( )

|
Shvia < Omo , =
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where my is the mass of the nucleus, p is the reduced mass and v, is DM-nucleus relative velocity.
In particular, given the upper bound on the relative velocity vye] < Vg + Vese, Where vy = 240 km/sec
is the Earth’s velocity and vese = 600 km/sec is the assumed escape velocity of DM in the Milky
Way, the largest testable mass splitting is dmI® = 1/2u(vg + vesc)? which for Xenon nuclei gives

omg'®* ~ 450 keV. The splitting for a given recoil energy is
m
dmo(Er) = v/2my Er(vE + Vese) — ERTN : (10.11)

which explain why the maximal constrained splitting experimentally is dmy®* P ~ 240 keV as shown
in Fig. given that XenonlT [287] analyzed data only for Fr < 40 keV. Extending the range of
XenonlT to higher recoil energies would be enough to probe splitting up to dmf'** as already noticed
in Ref. [288,1289|. In principle, larger mass splittings can be reached using heavier recoil targets than
xenon such as iodine in PICO-60 [290], tungsten in CRESST-II [291], CaWO, [292], PbWO4 [293],
180Ty [294], Hf [295] and Os [296]. However, these experiments currently do not have enough exposure
to probe EW cross-sections.

A complementary bound on dmg comes from requiring that the decay xo — xpm+SM happens
well before BBN. The leading decay channels are xg — xpm7Y , Xo — xpMmPVY and xo — xpmee with
decay widths

1 m%v 2 YZOz%aem 6mg
I, = 1—|—§log (MI%M)) 3 M]%M , (10.12)
G2omY?
FDV ~ Fée - F ‘0 10.1
6 = (10.13)

The first process is induced by a dipole operator generated at 1-loop for fermionic DM as computed
in [297]. The three body decays are instead induced at tree-level by the EW interactions both for
fermionic and scalar DM. For fermionic DM, the dipole induced decay dominates the width in the
mass range of interest. In order for these processes not to spoil BBN, we have to impose the following
condition on the decay rate of xo:

Ty =T5 +Tee + Ty > m8n (10.14)

where TgéN = 6.58 x 107?° GeV. The lower bounds on the neutral mass splitting for fermions are
shown in Fig. together with those for scalars, which are explicitly computed in [12]. The main
difference between scalars and fermions is that the former are typically more long lived due to the
suppression of xo — xpm7y. As a consequence, the BBN bounds are stronger for scalar WIMPs.

The operator Oy in Eq. is necessary to make the DM the lightest state in the EW multiplet
for all the n-plets where the hypercharge is not maximal. Recalling the discussion on real WIMPs,
Eq. can be generalized for non-zero hypercherge as [270-272]

270 )

cos Oy

AMEY = 4, <Q2 + (10.15)
where 6, = 167 MeV and Q = T3 + Y. This implies that negatively charged states with Q = —Y
are pushed to be lighter than the neutral ones by EW interactions. Notable exceptions are odd-n
multiplets with ¥ = 0 and all the multiplets with maximal hypercharge |Ymax| = (n — 1)/2 where
negatively charged states are not present. For these multiplets, having y+ = 0 would be the minimal
and phenomenologically viable choice.
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Figure 10.2: Mass splittings of 31 (left) and 4,/ (right) as a function of dmgyy. In the 3; case, no

mixing between the charged components of the multiplet can occur and dm is a monotonic function

of dmg. In the 4,5 case, instead, because of the mixing induced by Op, the positively charged mass
eigenstate x4 is always heavier than y_. The minimal splitting between them is of order dmy.

Now, including the contribution of O, the final splittings dm¢g = Mg — Mpm between the DM
and the charged components read

dmo 9 2Y6 Y1 v? 2 Sm? C%yQ
dmg=—+6 7 — 24 0 10.1
mq 5 +0,Q +Sgn(Q)\/<cosew Aoy Q?+ D2, (10.16)

where the presence of sgn(Q) in Eq. accounts for the presence of opposite charge states that
are not related by charge conjugation, as implied by to the non-zero hypercharge of the considered
WIMPs. Indeed, the second piece inside the square root comes from the mixing between x¢g and Xo
induced by Qg and vanishes for Q@ > (n—1)/2-Y

The different charged-neutral mass splittings can all be written in terms of two independent split-
tings, which we choose to be dmg and émg,,, where Qi =Y + (n —1)/2 is the largest electric charge
in the multiplet. Since c¢pyg,, = 0, dmg,, is a monotonic function of y4 and Eq. can be
inverted. In Fig. we show as an example the mass splittings of 3; and 4, /; as a function of dma..
In the former case, no mixing occur within the components of the multiplet and dm_ is a monotonic
function of dmgoy. For the 4/, instead, the mixing induced by Op between the components with
() = =1 makes the positively charged mass eigenstate x heavier than y_.

In this Chapter we will explore the parameter space spanned by dmg and dmg,,, fixing the thermal
DM mass of every EW multiplet as shown in Table[I0.2] Crucially, the operators inducing the splitting
in Eq. also generate new higgs-exchange contributions to the spin-independent scattering cross-
section of DM on nucleons. Therefore, the current best upper limit on the DM elestic cross section onto
nucleons set by PandaX-4T [285] translates into upper bounds on the neutral and charged splittings
as reported in Table

Charged-neutral splittings smaller than the EW one in Eq. require a certain amount of
fine-tuning between UV operators and the EW contribution. To quantify this we define the Fine
Tuning (F.T.)

(10.17)

F T, —max[ dlogde] 7

dlog dmy
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where the index I runs over the three contributions in the definition of émg in Eq. . Large
values of F.T. imply a significant amount of cancellation between two or more parameters.

Let us now discuss the effects of UV contributions, as we have done for the real WIMP case. The
EFT approach used to write Eq. is meaningful only if the UV physics generating O, and Oy is
sufficiently decoupled from DM. When Ayy approaches the DM mass the cosmological evolution of the
DM multiplet cannot be studied in isolation, since the heavy degrees of freedom populates the thermal
bath at T ~ Mpy and are likely to modify our freeze-out predictions. To avoid these difficulties we
restrict ourselves to Ayy > 10Mpy. This condition, together with the required inelastic splittings in
Fig. can be used to select the viable complex WIMPs. Starting from Eq. and imposing

omg > 6m10“in, we derive the viable window for Ayy:

1
4 4Y \ v =1
yocwov) (10.18)

10Mpm < Auy < ( 22V gy

We are now interested in estimating for which multiplets the viable window shrinks to zero. Setting
yo = (47)* in Eq. (that is the largest value allowed by Naive Dimensional Analysis) we derive
the values of n and Y having a non-zero cutoff window in Eq. . These are for both scalar and
fermionic WIMPs n, /5 multiplets with n < 12 together with the 3; and the 5; mupltiplets.

For what concerns the stability, the Lagrangian in Eq. preserves the DM number and as a
consequence the DM is automatically stable. Here we discuss whether the DM decays through gauge
invariant interactions beyond those of Eq. or can instead be accidentally stable. Throughout
this discussion we not only require the DM lifetime to be long enough to circumvent cosmological
bounds [279,[280] (mpn = 1019 sec), but also to satisfy the stronger astrophysical bounds on decaying
DM [264,2814282] (tpp = 10?8 sec).

For 2/ and 3; we can write renormalizable interactions x°Her and XL°H that break the DM
number and lead to a fast DM decay. These EW multiplets require a DM number symmetry, for
example a discrete Zs-symmetry acting only on the DM field to provide a viable DM candidate. For
even multiplets with Y = 1/2 and n > 2 and for the 5; candidate, we can consider all the higher
dimensional operators inducing DM decay, finding that we need at least Ayy > 10'9Mpy; for O(1)
Wilson coefficients to preserve DM stability. This lower bound is incompatible with the upper bound
on the UV physics scale required to generate the inelastic splitting dmg. This result implies that
DM stability requires the UV physics generating the neutral splitting in Eq. to preserve DM
number. As a result, none of the complex WIMPs with Y # 0 can be accidentally stable in the sense
of Minimal Dark Matter [265].

10.2 WIMP cosmology: computation of freeze-out mass predictions

The determination of the DM thermal mass hinges on a careful computation of the DM annihilation
cross-section in the non-relativistic regime. In particular, the potential generated by EW gauge boson
exchange between DM pairs is attractive for isospins I < v/2n resulting into Bound State Formation
(BSF) through the emission of an EW gauge boson in the final state. The energy of the emitted gauge

2
boson is of the order of the Bound State (BS) binding energy Ep, ~ aszx — aegmyy, where np is the
B

BS energy level, ag is the effective weak coupling defined in Eq. (|10.27)), and we neglected corrections
of order m%v /Mi . In the non-relativistic limit, and at leading order in gauge boson emission, the BSF
process

Xi+ xj = BSujy + V@ (10.19)
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is encoded in the effective dipole Hamiltonian described in Ref. [298]299], which dictates the BS
dynamics and it is written for completeness in Appendix [E] In what follows, we will specialize the
discussion on the real WIMP case, then we will highlight the main differences that hold in the case of
complex DM candidates.

The BS dynamics relevant for DM freeze-out is well described by the unbroken phase of SU(2) so
that the configuration of the DM pair can be decomposed into eigenstates of the isospin I of the pair

I—-11-1
}, (10.20)

IXX)11, = G(Ilz|ij)|Xin>a I, € [—27 5
where C(I1,]ij) are the Clebsch-Gordan coefficients and I is the dimension of the isospin representa-
tion. Denoting with L and S the total angular momentum and the spin, the isospin-Lorentz structure
of the dipole Hamiltonian enforces the following selection rules: i) AS = 0 because the dipole Hamil-
tonian is spin-independent; i) |AL| = 1 because the dipole operator transform as a vector under
rotations; 7ii) |AI| = 2 because a single, G-parity odd weak boson is emitted.

Since we are dealing with real representations, spin-statistics imposes further restrictions on the
allowed quantum numbers, depending on the fermionic or scalar nature of the wave function. In
particular we have

O (10.21)

which implies that for scalars nps (npp) bound states, i.e. with L = 0 (L = 1), can exist only with
even (odd) L2, while for fermions odd (even) % states with L = 0 are forced to have S =1 (S = 0).

We are now ready to describe the system of coupled Boltzmann equations for the evolution of
the number densities of DM and BS. Following [298|, we will discuss how this coupled system can be
reduced to a single equation for the DM number density with an effective annihilation cross-section.
The Boltzmann equations for DM and BS read

dYDM 2s 2s YB
z dz = _ﬁ<aannvrel> [YI%M - (YS(R/[)Q] B FZ £ <UB[Urel> YI%M - (YS%/[)2Y§§ ’ (1022&)
I
ZdYBI —yed (T'By break) Y]%M _ Yp, (I'By,ann) YBI + Z FBI—>BJ VB, _ YB,
EE /A Ty T I A B PR H e Y@l (-
(10.22b)

where By ; . labels the different bound states, z = %, s is the entropy density and ¥ = % is the
number density per co-moving volume.

The dynamics of a given BS By in the plasma is described by Eq. (10.22b]) and depends on: ) its
ionization rate (I', preak); 9¢) its annihilation rate into SM states (I'p, ann> m) its decay width into
other bound states (I'g, ;). The ionization rate (', break) = 1y (01 breakUrel) €nicodes the probability
of a photons from the plasma to break the BS B;. Assuming thermal equilibrium, detailed balance
relates the cross-section for the BS breaking (o7 preaktrel) to the BSF cross-section (o p,vrel)

gy (M, T)% _Ep,

(T'B; break) = gB el ¢ (0B, Vrel) (10.23)
1 Y

where gp, and g, count the number of degrees of freedom of the bound state B; and of the DM
multiplet, respectively. If either the BS decay or the annihilation rate satisfies I' > H, we can neglect
the Lh.s. in Eq. (10.22b)), obtaining algebraic relations between the DM and the BS yields.
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Finally, by plugging these relations into Eq. (10.22a}), we arrive at the final form of the DM
Boltzmann equation

dYpwm OeffUrel) S eq,
L - - 0, ; (Ydw — Y5ar) (10.24)
where
<Ueffvrel> = Sann(z) + Z SBJ (Z), (1025)
By

and we defined the effective cross-section as the sum of the direct annihilation processes, Sann, and
the ones which go through BSF, Sg,. In particular, Sy, can be written as

Sann = Y _{(SEOntrel) (10.26)
I
where o is the hard cross-section for a given isospin channel I, S% is the Sommerfeld enhancement

(SE) of the Born cross-section, and vy is the relative velocity of the two DM particles. In the limit
of small relative velocity between the DM particles (but larger than my /M, ), the SE factor can be
approximated as

2T et I? + 1 —2n?

SE ~ ,  where aef=—"—"—"—02. (10.27)
Urel 8

The finite mass effects modify the behavior of the SE at v,e) S my /M, and are included in our full
computation (see Ref. [300] for explicit formulas). However, Eq. will be enough to estimate
the behavior of the SE at the temperatures most relevant for freeze-out.

Analogously, we can factorize the BSF processes as

Sp, =Y (SESE )RB, (10.28)
Il

where SJIB’é is the “hard” BSF cross-section of the state B starting from a free state with angular
momentum [/ and isospin I multiplied by the SE factor of that particular isospin channel as defined
in Eq. (10.27). Explicit expressions for this can be found in Ref. [298,[299]. Rp, gives instead the
effective annihilation branching ratio into SM states which depends on the detailed BS dynamics (i.e.
annihilation, ionization and decay). In particular, Rp, approaches 1 once the temperature of the
plasma drops below the binding energies of the bound states involved in the decay chains. In the case
of a single BS, Rp, takes a rather intuitive form

<Fann>
<Fann> + <Fbreak> ’

which applies to 1s; and 2s; BS with I < 5. The latter, once formed, annihilate directly into pairs
of SM vectors and fermions, with rates I'ypn ~ ag’ﬁ/nzBMX. These BS together make up for more
of the 50% of the BSF cross-section. Obviously, more complicated examples of BS dynamics can be
developed for largest representations.

While the effect of BSF has already been computed for the fermionic 5-plet in Ref. [298], here we
include it for the first time for all the real WIMP candidates with n > 7. For larger EW multiplets,
we find the relative effect of BS dynamics on the total cross-section increases, as can be seen from
Fig. This is the consequence of two effects: i) the binding energy grows at large n, suppressing
the ionization rate with respect to the annihilation one; ii) at larger n the number of attractive
channels increases and thus the BS multiplicity per energy level grows linearly with n. For example,

Rp, = (10.29)
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Figure 10.3: Effective cross-section for BSF normalized over the total annihilation cross-section as a
function of z = M, /T assuming vanishing ionization rates, i.e. Rgg = 1 (see Eq. and below).
The dashed lines for the real fermionic 5-plet (dark blue) and 7-plet (cyan) show the deviation of the
real bound state dynamics from the approximation of vanishing ionization rates. For n > 5 the error
due to the Rpg = 1 is subdominant compared to the virtual and real effects at NLO in gauge boson
emission.

for n = 5 the attractive channels have I = 1,3,5, for n = 7 BS with I = 7,9 can also form. The
relevance of these higher isospin channels was not recognized in [301], where only the I = 1,3 channels
were included, significantly underestimating the thermal mass already for n = 7. As we increase
the dimension of the multiplet, the bound states become more tightly bounded and the effect of the
ionization rate becomes smaller. This can be explicitly seen from Eq. where the binding energy
controls the Boltzmann suppression of the ionization rate. For this reason, we only account for the
detailed BS dynamics for n < 7 while for n > 7 we set the annihilation branching ratios to 1. The
final results can be found in Table 0.1l

For what concerns the uncertainties associated to our freeze-out mass predictions, we have esti-
mated the error on the WIMP mass due to this approximation by comparing its effect on the thermal
masses of 5-plet and the 7-plet against the full computation. We find a shift in mass AMpy ~ 5
TeV for both n =5 and n = 7 resulting in a smaller relative error for n = 7, as expected. We keep 5
TeV as an estimate of the error induced by this approximation for the larger multiplets. As we will
discuss in what follows, the uncertainty for n > 7 will be anyhow dominated by the next-to-leading
order (NLO) contributions to the SE which are not included here. Let us also comment on the theory
uncertainty on the mass prediction for the 5-plet. This is dominated by the approximate treatment
of EW symmetry breaking effects in computation of the BSF cross-sections. The SU(2)-symmetric
approximation fails once the DM de Broglie wavelength becomes of the order of my (i.e. for z ~ 10%
for n > 5). After the EW phase transition, Coulomb and Yukawa potentials appear at the same time
so that employing either the Coulomb or the Yukawa centrifugal correction to the SE (see Ref. [300])
overestimate and underestimate, respectively, the freeze out cross-section. This gives us a rough way
of determining the theory uncertainty: i) to set the lower bound on the freeze-out mass we include
BSF in ooz until z = 10* with the centrifugal correction coming from the Yukawa; ii) to set the
upper bound we push the effect of BSF, neglecting the vector masses in the centrifugal correction,
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to arbitrary large values of z. We observe that the abundance saturates already for z ~ 10°. This
procedure gives the uncertainty for the 5-plet in Table which is different than the one quoted in
Ref. [298], where the BS contribution was switched off at z = 10%, underestimating the effect of BSF.

To conclude this Section, we discuss how this picture changes for complex WIMPs. First of all,
in principle the UV mass splittings can affect the freeze-out computation, precisely in two ways: i)
they directly contribute to the DM annihilation cross-section into Higgs bosons, ii) they generate a
Higgs-mediated Yukawa potential, thus affecting the Sommerfeld enhancement. However, we expect
that, for the numerical values of our interest, the splittings do not impact the freeze-out predictions
contained in Table [10.2l To be more specific, although in principle the thermal mass becomes a
function of dmgy and dm4, in order to compute the thermal masses we assume the minimal value
allowed for dmg, where the effect of the splitting is safely negligible, and account for the dependence
on dm in the theoretical uncertainty. Moreover, contrarily to the real WIMP case, there are different
selection rules selecting the bound states allowed by symmetries. In the real case Eq. has to be
verified, while for complex WIMPs the bound states are of the form Xy, thus the selection rule (10.21])
no longer applies. The BSF cross-section can be computed in the SU(2); symmetric limit with good
approximation and scales as

E BIQ B
]\JDMH2
where the first and second term account for weak and hypercharge vector boson emission.

For what concerns the estimation the the theoretical uncertainties, also in this case neglecting BS
ionizations is a good approximation for large EW multiplets. As for the real case, we estimate the
error induced by this approximation at the 5 TeV level. Furthermore, in the symmetric limit the
effect of the mass splittings generated after EWSB are not taken into account. In particular, they
make the heavier components of the multiplet decouple earlier than the lighter ones, thus reducing the
cross-section. In order to estimate the error due to this approximation, we compute the thermal mass
first setting to zero op, for T' < max dmg and then including BSF until the DM abundance saturates.
These two effects are the dominant sources of error for n < 8.

OB, Vrel ™ (agerSE2 + Y20y SE) | (10.30)

10.3 The WIMP Unitarity Bound

We now analyze the constraint of perturbative unitarity on the annihilation cross-section, including
bound state formation. The perturbative unitarity of the S-matrix sets an upper bound on the size of
each partial wave contribution to the total annihilation cross—sectionﬂ

Am(2J 4+ 1)

10.31
Mo (10.31)

(Ueff Urel ) d >

- —

where J = L + § is the total angular momentum. The stronger inequality comes from the s-wave
channel (i.e. J = 0) which can be written as

(TannVrel) + Z f%J (UBJUrel)

By

47
< —, 10.32
M)%Urel ( )
where f%i selects the BS contributions that can be formed by J = 0 initial wave. As discussed in the
previous Section, the BSF contribution is larger for complex WIMPs when compared with the real
case due to the larger multiplicity of bound states that can be formed.

>This constraint was derived for e*e™ annihilations in [302,[303] and then used for the first time in the DM context
in [284]. It can be checked that this constraint is not modified in the presence of long range interactions [304].
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Figure 10.4: Examples of Feynman diagrams contributing at NLO to the non-relativistic potentials

as estimated in Eq. (10.34]).

For a scalar WIMP selecting the s-wave implies L = 0, and only BS in p-orbitals can contribute to
the s-wave cross-section with f]gs = 1. The spin statistics of the wave function in Eq. 1| forces
these BS to have odd (I — 1)/2. In practice, the s-wave unitarity bound for scalars is determined
solely by the SE. For fermionic WIMP selecting the s-wave implies the same selection rules of the
scalar when S = 0. Additional contributions arise from S = 1 s-orbital states, whose isospin must be
odd due to Fermi statistics. In this case, the projection onto the J = 0 wave gives fgs = %. Solving
the constraint in Eq. we find that s-wave unitarity is violated for n > 15 for both fermion and
scalar WIMPs. In both cases the s-wave cross-section is largely dominate by the SE. We checked that
a similar constraint can be obtained by looking at the p—wave unitarity, where the cross-section is
instead dominated by the formation of 1s BS.

The selection rules that regulates the BS dynamics derive from the dipole Hamiltonian which is
written for completeness in Eq. . These selection rules are only broken by NLO contributions in
gauge boson emission which can be estimated as

A NLO 3
OBSE | Zeft (10.33)
OBSF 641

where the extra agﬁ correctly accounts for the phase space suppression in the limit of small velocities
as detailed in Appendix [El As a result, the LO selection rules apply all the way till the breaking of
perturbative unitarity.

Interestingly, the upper bound on n from perturbative unitarity derived from Eq. is signif-
icantly stronger than the one derived from the perturbative unitarity of the Born cross-section which
is violated for n > 38 (i.e. e > 4m). This suggests that because of SE, the ratio between the NLO
and the LO cross-section should appreciably deviate from the NDA scaling of the Born cross-section:

agg;rg / O'I%OOrn ~ eff /4. Estimating the NLO correction to the potentials controlling the SE we indeed
get,

A
VNLO  Ceft log <mW\/5> ’ (10.34)

V1.0 4 M,

where the NLO potential is resumming ladder diagrams like the ones in Fig. [10.4] and where we
substituted the de Broglie length 1/Muw,e ~ \/z/M, as the typical lenght scale for the annihilation
process. Our estimate above matches the explicit NLO computation of the SE for the 3-plet in
Ref. [305]. Requiring this correction to be < 1 across the freeze-out temperatures leads to a similar
upper bound on n than the one inferred from perturbative unitarity.

We use the estimate above to assess the theory uncertainty on the WIMP thermal masses in
Table Indeed, Eq. results in a correction to the Sommerfeld factor Sg, which affects both
Sann and Sp; as introduced in Eq. . We find that neglecting the NLO contribution dominates
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the DM mass theory uncertainty for n > 7. The uncertainty grows as we increase the dimensionality
of the multiplet becoming as large as O(30%) for n = 13.

At this point, following the logic of Section we are interested in the possible experimental
detections of the EW multiplets listed in Table We will firstly focus our attention on this
possibility at future high-energy lepton collider, then we will specialize the discussion on ID and DD
searches.

10.4 WIMPs at high energy lepton colliders

We now look at the possible detection strategies for direct production of WIMPs at collider experi-
ments. From the results in Table one can immediately see that DM masses 2 50 TeV are required
to achieve thermal freeze-out for EW multiplets with n > 5. Pair-production of these states would
require center-of-mass energies exceeding 100 TeV, which are unlikely to be attained at any realistic
future facility. On the other hand, multiplets with n < 5 have thermal masses in the few TeV range,
potentially within the reach of present and future colliders.

Direct reach on these DM candidates at hadron colliders is limited by the absence of QCD in-
teractions for the DM candidates, which can be produced only via EW interactions. As such the
limits at the LHC (see e.g. [306]) are rather far from the interesting thermal mass targets and only a
future pp collider may have the reach for some low-n candidates if collisions around 100 TeV can be
attained [276,[307,308|]. Lepton colliders tend to have reach mainly through indirect effects, e.g. the
modification of the angular distributions in simple ff production at center of mass energies below the
threshold to produce the DM pair. The reach in this case is up to masses a factor a few above the
center of mass energy [309,[310].

A very-high-energy lepton collider, such as a muon collider, would be the perfect machine to hunt
for these WIMPs, due to its large center-of-mass energy, relatively clean collision environment, and the
capability of pair-producing weakly interacting particles up to kinematical threshold. Here we consider
in particular a future muon collider with center-of-mass energy of 10 TeV or more and the baseline

integrated luminosity of [311]
2
~10ab (Y2 10.
£ ~10ab <10 TeV) (10.35)

While such a machine is currently not feasible, various efforts to overcome the technological challenges
are ongoing. Early developments on machine performances [312,313] found the luminosity Eq.
to be achievable for /s < 6 TeV, and further development to push it to larger energies is currently in
progress.

We consider various search channels for both real and complex EW n-plets with n < 5, and
determine the minimal center-of-mass energy and luminosity required to directly probe the freeze-
out predictions. Firstly, we detail the prospects for the observation of DM as undetected carrier of
momentum recoiling against one or more SM objects. We systematically study all the “mono-V”
channels, where DM is recoiling against a SM gauge boson V = v, Z, W. We also investigate double
vector boson production, that we dub “di-V” channels, where requiring a second SM gauge boson in the
final state could help ameliorating the sensitivity. Secondly, we study the reach of disappearing track
searches — which are robust predictions of WIMPs in real EW representations — recasting the results
of [277]. Notice that our study is in principle applicable both to high-energy p*u~ and eTe™ colliders,
even though soft QED radiation, beam-strahlung, and the presence of beam-induced backgrounds
could affect the results in different ways.
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Let us notice that, for what concerns the complex WIMP candidates, we will focus on the collider
reach for the complex fermionic doublet (2;/5) and the complex fermionic triplet (31) WIMPs, that are
the lightest WIMPs and have the greater chance to be discoverable at /s < 10 TeV. Theoretically,
these candidates are the most minimal complex WIMPs as they have maximal hypercharge and the
neutral component is automatically the lightest one at the renormalizable level. The only required
higher dimensional operator is Oy which generates the inelastic splitting in Eq. . In this sense,
we will present collider results in the minimal splitting scenario, that is when the mass splittings are
chosen to be the smallest possible allowed by the requirements of the previous Sections. We thus set
omg = 250 keV for both the complex doublet and the complex triplet WIMPs. Note also that, in this
minimal setup, 2;/, and 3; stand out as the only two multiplets where the DM is automatically the
lightest state with a splitting with the Q = 1 state given by the pure EW splitting in Eq. that
is 354 MeV for 2, /o and 542 MeV for 3;.

The projections for direct production derived here have to be contrasted with similar studies
in the context of future high energy proton machines [275276] (which are limited by the partial
reconstruction of the collision kinematics) or electron-positron machines [314,315] (which are limited
by the moderate center-of-mass energy and hence more effective to hunt for lighter DM candidates).
Complementary studies have also considered indirect probes of WIMPs at future high energy lepton
colliders, focusing on the modifications of Drell-Yan processes [310]. Given the freeze-out masses of
Table EW n-plets with n > 5 are beyond the reach of any realistic future collider both directly
and indirectly, even though a definitive statement about indirect observables would require further
studies.

10.4.1 WIMPs as missing momentum

We perform a full study of the different channels to observe DM as undetected carrier of momentum.
The generic strategy is to measure a hard SM particle or a set of particles X recoiling against a pair
of invisible objects,

0 =N+ X (10.36)

Notice that we treat all the components x* of the EW multiplet as invisible, assuming the soft decay
products of the charged states to be undetected. Additional soft SM radiation is also implicit in
Eq. . The prospects for the “mono-photon” topology at a future muon collider have been
already studied in [278]. Here, we want to extend this analysis by enlarging the set of SM objects
recoiling against the invisible DM multiplets.

Mono-V. We start by considering “mono-V” scattering processes where V' = ~, Z, W is a generic
EW gauge boson that accompanies the production of x states from the n-plet,

mono-: 00 ST 4y, (10.37)
mono-Z: = X'+ 7, (10.38)
mono-W: 0 s T W (10.39)

The main contribution to all these processes comes from initial- and final-state radiation of a
vector boson, which have sizeable rates because of the large weak charge of the DM multiplet and
the weak charge of the beamsﬂ We sum over all components of the multiplet x*, but the dominant

3The mono-Higgs signal has a much lower cross-section due to the suppression of initial- and final-state radiation.
Furthermore, final-state radiation is model-dependent for scalar DM.



10.4. WIMPS AT HIGH ENERGY LEPTON COLLIDERS 139

Mono W reach — MaJorana 3- plet Mono-W reach — Majorana 5-plet
100" - - - —
/

50F

20+
Z %z
= £ 10p
S3] [83]
5k
2L
L e e e - - = ! 1 s " - = - = !
1 2 5 10 20 50 100 1 2 5 10 20 50 100
L [ab7!] L [ab7!]

Figure 10.5: Reach from mono-W searches at a muon collider, as a function of collider center-of-mass
energy /s and integrated luminosity £. The blue contours show the 95% C.L. reach on the WIMP
mass; the prediction from thermal freeze-out is shown as a red line. The precision of the measurement
is shown by the blue shadings. Systematic uncertainties are assumed to be negligible. The white line
corresponds to the luminosity scaling Eq. , with various collider benchmarks shown as colored
squares: /s = 6 TeV green, /s = 10 TeV blue, /s = 14 TeV orange and /s = 30 TeV red. The
yellow square corresponds to the 3 TeV CLIC . Left: Majorana 3-plet. Right: Majorana 5-plet.

signal corresponds to the production of the state with largest electric charge (i = +n), subsequently
decaying into DM plus soft SM particles.
For each of these signals, the corresponding SM background is dominated by a single process,

mono-vy bkg: N A 2 (10.40)
mono-Z bkg: 00— Zuw, (10.41)
mono-W bkg: 0T > WTy + F(lost), (10.42)

where the missing transverse momentum is carried by neutrinos; the mono-W background also requires
a lost charge along the beam.

We simulate signal and background events with MadGraph5_aMC@QNLO [317,/318], for different
DM mass hypotheses and different collider energies. The W and Z bosons are assumed to be re-
constructed from all their visible decay products and are treated as single objects. We impose basic
acceptance cuts on the rapidity and transverse momentum of the vectors, requiring |ny| < 2.5 and
pr,v > 10 GeV. Other detector effects are neglected.

We then perform a cut-and-count analysis, estimating the significance of the signal as

S
\/S+B+esys (S2+ B2)

significance = (10.43)

where S, B are the numbers of physical signal and background events, and e parametrizes the
systematic uncertainties. The signal is isolated from the background employing the kinematics of the
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Figure 10.6: Different bars show the 20 (solid wide) and 50 (hatched thin) reach on the WIMP mass
at a muon collider for different search channels. The first seven bars show the channels discussed in
Sec. Where DM would appear as missing invariant mass (MIM) recoiling against one or more SM
objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z, di-gamma, same sign di-W, and
the combination of all these MIM channels (blue). The last two bars show the reach of disappearing
tracks as discussed in Sec. requiring at least 1 disappearing track (red), or at least 2 tracks
(orange). All the results are shown assuming systematic uncertainties to be 0 (light), 1%¢ (medium),
or 1% (dark). The vertical red bands show the freeze-out prediction. Left: Majorana 3-plet for
V5 =14TeV and £ = 20ab~!. Right: Majorana 5-plet for \/s = 30 TeV and £ = 90ab~L.

visible object, parametrized in terms of its transverse momentum pr y, its pseudo-rapidity ny, and
the missing invariant mass (MIM) which is a function of the energy of the visible particle itself

MIM = (s +m% — 2y/5Ey) " .

(10.44)
We select events with MIM > 2M,, pry > pit,, [nv| < 75", where the pr and 7 selection cuts are
chosen to maximize the significance for each value of M,.

The background rates for mono-vy and mono-Z are very similar, with fiducial cross-sections of
around 3 pb that depend weakly on the collider energy. As already pointed out in for the
mono-vy case, the optimal reach on M, is obtained for low signal-to-noise ratios — in other words,
systematic uncertainties could be important. For this reason, we present results for different values
of €sys = 0,1%0,1%. We point out that in presence of larger systematic uncertainties, the optimal
selection cuts are stronger and lead to higher values of S/B.

The mono-W differs from the other two channels. The SM background is dominated by vector
boson fusion (VBF) processes, that lead to forward leptons (lost along the beam pipe) and W bosons.
The signal is instead made of events where the W is radiated from the initial or final states, leading
to a more central distribution. The cut on prw can efficiently suppress the VBF background, with
a lesser impact on the signal compared to the mono-vy or mono-Z cases. As a consequence, we find
that the mono-W search has the best sensitivity among the various mono-X channels. The 95% C.L.
exclusion reach on M, is shown in Fig. for instance for a Majorana 3-plet and 5-plet, as a function
of collider center-of-mass energy /s and luminosity £. We also show the expected values of S/B for
the excluded signal in absence of systematic errors, which are rather low also for the mono-W search.

Due to the presence of initial-state radiation, the W boson of the signal has a preference for being
emitted in the forward (backward) direction, measured with respect to the flight direction of the ¢~
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beam, if its charge is negative (positive). Since the charge of the W boson is potentially observable
for leptonic decays, we can envisage a strategy to isolate the signal from the background using the
full distribution in 7y (instead of its absolute value). We thus also perform an analysis of leptonic
mono-W events, where we impose the additional cut ny,+ < 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because of the small leptonic branching ratio. However,
the leptonic mono-W search possesses signal-free regions of the ny, distribution which would allow
for an in situ calibration of the background from the data itself, leading to possible reduction of the
systematic uncertainties.

Among all the channels considered, the only background that needs some careful treatment is the
mono-W one. We split this background in two contributions. For pseudo-rapidities of the final state
lost muon 1, > Nmatch (computed with respect to the direction of the initial state muon with the same
charge), we compute the cross-section of the process yu¥ — WTr, using the improved Weizsacker-
Williams approximation [319]. For 2.5 < 1, < 7match, we compute the full hard process p~put —
WFul®. The values used for maten are 5.4,6.2,6.5,7.0,7.5 for Vs = 3,6,10,14, 30 TeV, respectively.
These values are such that the two background contributions are the same in the pseudorapidity region
(Nmatchs Mmatch + 0.2) for the lost muon.

Di-V. We now consider scattering processes with multiple emission of vector bosons, which have
explicitly studied for real WIMPs. While generally being suppressed by higher powers of the gauge
coupling constant, these processes can be enhanced for large center-of-mass energies, and for multiplets
with large weak charge. They can therefore provide very useful handles to probe WIMPs in the
regimes where the mono-V searches have very low signal-to-noise ratios. Of course, a too large rate
for multiple boson radiation would indicate the breakdown of the perturbative expansion, requiring
the resummation of large logarithms. We have checked that for the EW 3-plet and 5-plet, and for the
energies under consideration here, the fixed-order computations are still accurate.

First, we consider the di-photon process

00 = X T . (10.45)

We apply the same acceptance cuts of the mono-v analysis, and in addition we require a separation
AR, > 0.4 between the two photons. We employ the same event selection strategy of the mono-y
case, using as variables nx, pr x, where X is the compound vy system. Moreover, we require each
photon to be as central as the v system itself. For the 5-plet, we find that the di-y search can be
stronger than the mono-v in presence of large systematic uncertainties, where suppressing the SM
background is more important. For the 3-plet, which has a smaller EW charge, the signal yield is too
much affected by the requirement of a second emission to be competitive with the mono-V. In both
cases, the values of S/B for the excluded di-vy signal are much larger than for the mono-v signal, and
systematic errors thus have a smaller impact.
Second, we consider the double W emission

0 = xR e WwEWE (10.46)

which holds a potentially very clean signature due to the two same-sign W bosons. We focus on
leptonically decaying W bosons to ensure that their charge can be accurately tracked. A potential
SM background consists in events with two lost charged particles, with the leading contribution being

T s WWWIW T (10.47)

where two W bosons of same sign are lost. This background is however negligible, as pairs of W bosons
with opposite charge tend to be radiated from the same external leg and to be collinear: requiring
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only one of two collinear W bosons to be within detector acceptance reduces the rate to negligible
levels. The other possible background is given by events with a misidentified charge,

00" — W~ W™ (mistag) vi , (10.48a)
00" — W~ W™ (mistag) ¢4, (10.48b)

where in the second case the charged final-state leptons are lost along the beam line. Requiring
pr.ww 2, v/$/10 makes the process in Eq. subdominant with respect to the vv background
Eq. . On top of this ppr cut, we do not apply further selection cuts, and simply require the
two W bosons to be within the geometrical acceptance of the detector, |pw| < 2.5. As an estimate
for the charge misidentification probability we take €pisq = 1073.

Due to the negligible background contamination, the same-sign di-W signal has a much higher
signal-to-noise ratio than the mono-V channels and even than the di-photon signal, reaching up to
S/B ~ O(1). This makes this channel very robust against systematic uncertainties, and particularly
effective for large n-plets n > 5 at higher energies due to their large EW charge. This signature may
be one of the most robust and convincing signal of n = 5 multiplets at colliders. Further sources
of background and a proper characterization of the missing (transverse) momentum in this reaction
depend on detector performances, as well as on the knowledge of the initial state of the collision to be
used in the computation of kinematic variables.

For the real WIMPs, we summarize the results of all the mono-V and di-V signatures discussed
above in Fig. where we show the 95% C.L. exclusion on M, for real fermion 3-plets and 5-
plets, together with the 50 discovery potential, at two benchmark muon colliders. We also show the
combined reach from all these missing mass channels. The bands with different shadings correspond
to different systematic uncertainties. One can see that the inclusive mono-W yields the strongest
exclusion for both the 3-plet and the 5-plet. The main effect of di-V searches is to reduce the impact
of systematic uncertainties. A 14 TeV muon collider with the benchmark luminosity of Eq.
would be able to probe a thermally-produced Majorana 3-plet WIMP, while a center-of-mass energy
of slightly above 30 TeV is needed to probe the thermal freeze-out mass with missing energy searches
in the case of the 5-plet.

The same analysis can in principle be repeated also for scalar WIMPs. However, probing scalar
WIMPs with typical missing mass searches is quite hard. This is due to multiple reasons: i) the scalar
production cross-sections are roughly one order of magnitude smaller than for fermions with same n.
A factor of 4 suppression comes from the lower number of degrees of freedom for scalar final states,
while the remaining suppression comes from a velocity suppressed production cross-section compared
to the fermionic case. One can see that the reach is a very slow function of the mass of the WIMP
M, thus a reduction of the signal cross-section implies a drastic change in the reach. ii) The scalar
WIMPs have typically larger freeze-out masses compared to fermionic WIMPs with same EW charge
n. All in all, scalar WIMPs give dimmer signals at colliders and are generically heavier than fermionic
WIMP. It is thus not surprising that the results expected from collider searches of scalar WIMPs are
far less exciting than those for fermions in Fig. [10.6]

Finally, we will extend this analysis to the complex 25 and 3; WIMPs at the end of this Section.

10.4.2 Disappearing tracks

A second handle to tag the production of EW WIMPs at colliders is the detection of tracks from
the charged states in the n-plet. In fact, the decay of y* — x?nT has a lifetime of roughly CTy+ =
48 cm/(n? — 1), which is sufficiently long-lived to give rise, in the real case, to reconstructed tracks of



10.4. WIMPS AT HIGH ENERGY LEPTON COLLIDERS 143

DTs — Majorana 3-plet
100F" - - - — g 100F"

50} 0 ] 50

19 =
1 ————

20 -/ 4

DTs — Majorana 5-plet

E [TeV]
S
Jl
O
E [TeV]

0.1
—— Thermal mass

5t ]
— ()
U

I (1] 1

2 s
1 2 5 10 20 50 100
£ [ab™"] £ [ab™"]

Figure 10.7: Same as Fig.|10.5} but for disappearing track searches in mono-v events. Left: Majorana
3-plet. Right: Majorana 5-plet.

length O(cm) for n = 3,5 that can be observable at colliders (we posticipate the discussion for complex
WIMPs in the following Subsection). The resulting tracks from these processes are somewhat too short
for regular track reconstruction to work efficiently and they will show up as disappearing tracks (DTs),
with missing hits in the outermost layers of the tracker and with little or no activity in the calorimeter
and the muon chamber. States with higher electric charge in larger multiplets decay promptly to x*,
and eventually contribute to the number of disappearing tracks.

A full-detector level study has shown that a high energy lepton collider like CLIC at /s = 3 TeV
can reconstruct them sufficiently well to separate them from other sources of look-alike short tracks
,. A recent study has attempted a first evaluation of the performance of this type of
search at a multi-TeV muon collider. A main source of worry and a main difference with respect
to ete™ machines is the abundant number of tracker hits from underlying event activity due to the
muon beam decay and to the resulting secondary particles from the interactions with the machine
and detector materials. These hits can accidentally become a potentially severe source of background
for searches aimed at highlighting the presence of short tracks of BSM origin. We do not enter in the
details of these issues here, and simply follow the analysis of , which is based on a simulation of
beam-induced background at 1.5 TeV, and recast their results for the EW 3-plet and the 5-plet. We
remind that the background from decaying muons is expected to decrease at higher energies, making
our estimate conservative in this sense.

We consider mono-photon events with disappearing tracks, and search for events compatible with
a WIMP signal. Following , we distinguish two event-selection strategies to hunt for disappearing
tracks: i) events with at least a disappearing track with pp > 300 GeV and a hard photon with
E, > 25 GeV; ii) events with a hard photon, and two disappearing tracks originating from the
same point along the beam axis. To estimate the reach we work in the cut-and-count scheme as in
Eq. , and ignore systematic uncertainties. Further details are summarized in Appendix |F| for
completeness.

Focusing on real WIMPs, the result of our recast is shown in the last two columns of Fig. [10.6]
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for Majorana 3-plets and 5-plets at two benchmark colliders, and in Fig. as a function of collider
energy and luminosity. One can see that DTs are especially powerful in the case of the 3-plet, where
the reach goes almost up to the kinematical threshold. In particular, an EW 3-plet WIMP of mass
as predicted by thermal freeze-out can be discovered already at a 6 TeV muon collider as suggested
in [278,322]. For higher n-plets DT substantially loose exclusion power because the lifetimes of the
x* — x%7* decay become shorter. For the 5-plet the DT reach is comparable to the combined reach
of the MIM searches.

As discussed in more detail in the Appendix [F] DT searches are particularly important to probe
scalar WIMPs. It is remarkable that for real scalars the mass splitting between charged and neutral
states in the n-plet is dominated by EW interactions. Indeed, no splitting term with the Higgs can
be written at the quartic level, due to the antisymmetry of the SU(2) contraction. By hypercharge
conservation, and assuming the scalar does not get any extra VEV, the leading terms contributing to
the mass splitting are dimension 6 in the SM. Therefore the stub-track prediction is robust and does
not depend on peculiar UV completions of the model. In conclusion, disappearing tracks might be
the only direct signature of scalar WIMPs at collider experiments.

10.4.3 Results for the complex fermionic 2,/, and 3; at muon collider

Let us finally repeat the aforementioned analyses for complex WIMPs, more specifically for the complex
fermionic 2; 5 and 3; candidates. We stress again that, in what follows, we are working in a minimal
splitting setup. In these cases, the expected signatures at future colliders depend very much on the
lifetime of the charged states in the EW multiplet. This might decay back to the neutral DM either
promptly or with a macroscopic lifetime on detector scales.

In the prompt case, the decay of the charged state will give rise to soft radiation which would be
impossible to disentangle from the SM background and the DM signal will be characterized only by
a large missing energy recoiling against EW radiation. This can be further disentangled from the SM
background at lepton colliders thanks to the knowledge of the center of mass energy by looking for
features in the MIM distribution. For complex candidates, we find that the MIM reach is dominated
by the mono-W and the mono-v channels. Despite the non-zero hypercharge enhancing the coupling
to the Z, the mono-Z channel has a lower reach, similarly to what has been discussed for real WIMPs.

In the long lived case, depending on the decay length of the charged state it might be beneficial to
look at DT's or to look at long lived charged tracks (CTs), that could be distinguished from the SM
backgrounds by their energy losses in the material and by the measurement of their time of flight (see
for example analogous searches performed by ATLAS and CMS at the LHC [323]324]).

Here, we focus on the expected reach from DTs and MIM searches which are relevant for the 2y,
and 31, fixing the splitting of the ) = 1 state with respect to the neutral one to be the one generated
purely by EW corrections. In this minimal case, the rest frame lifetime of the charged state decaying
back to the DM is ¢74 = 6.6 mm for the 2/, and ¢7 = 0.7 mm for the 3;.

Our results for the combination of the MIM searches and the DT tracks search are given in
Figures for fixed thermal mass of the 2, /5 and similarly for the 3;. As can be seen from these
plots, the MIM search at /s = 3 TeV with the benchmark luminosity £ = 1 ab™! is not sensitive to
the 21 5. A /s = 6 TeV collider with benchmark luminosity £ = 4 ab~!, instead, is able to probe the
complex doublet WIMP at 20 C.L. In general the mono-W and mono-v channels give comparable mass
reach for the benchmark luminosity adopted here and the sensitivity of each channel has a specific
behavior as a function of the luminosity and for different assumed systematics. We remark that in
Figures [10.8110.9| the reach deviates from a pure rescaling by v/£ because the selections, hence the
result, have been optimized as a function of £ when dealing with €y # 0.



10.4. WIMPS AT HIGH ENERGY LEPTON COLLIDERS 145

6| Vs =3Tev
M, =11 TeV
5| Moz, 501

Significance
w

| | |

Significance

] 1%
or L L L L L L
0.1 0.5 1 5 10 50 0.5 1 5 10 50 100
Lab™"] L[ab™"]
om, [GeV] dm, [GeV]
1.1 0.5 0.21 0.14 0.13 1.1 0.5 0.21 0.14 0.13
10 — T & T _— T & T
W:STTV -! : v 12 «/s—stjv e D
L=1ab ' L=4ab -'s e
DT 2,5 0 10| PT 2ier :Z :% P
o ' ' 8
2 L) LRt
6 §- 8r Py "
2 B4 E ' T
........... £L H )
: =iz 18
............. i) T T T £ 44
v '

Significance
. .
Significance
- (=2}
T

0.1 1 10 100 1000 104

Figure 10.8: Collider reach for the 21/, of mass M, = 1.1 TeV and /s = 3 TeV (left) and /s = 6
TeV (right). Upper row: Combined reach for MIM as a function of the luminosity £ for different
values of the expected systematic uncertainties parametrized by egs: 1% (purple), 0.1% (cyan), 0
(green). The red lines show the benchmark luminosity following Eq. . Lower row: Reach
of DT for varying lifetime of the charged track. The red vertical line shows the benchmark lifetime
for EW splitting. The blue and orange curves correspond to the reach with 1 and 2 disappearing
tracks. Fine-Tuning values computed on dm, following Eq. are displayed as color code from
green (no fine-tuning) to red (higher fine-tuning).

We also display results for the DT search as a function of the lifetime of the charge +1 state, that
is in a 1-to-1 relation with the mass splitting m_. We see that a collider of /s = 6 TeV can probe
the 24/, for charge-neutral splitting generated purely by EW interactions. A collider of Vs =3 TeV
can probe a large portion of the allowed lifetimes for the charged tracks corresponding to non-zero

UV contributions in Eq. (10.16]).

We have similar results for the 3; at its thermal mass, which entails interesting results at 6 and
10 TeV center of mass energy machines. For the 10 TeV collider we find that MIM searches are effective
probes of this WIMP candidate and can establish a bound at 95% CL with a small luminosity or give
a discovery with the nominal luminosity. Mono-W and mono-v perform similarly well and their
combination is worth being done. The DT search cannot probe the EW splitting for the 3;, however
it can cover a large portion of allowed lifetimes in the non-minimal splitting case in which UV physics
is contributing to the charged-neutral splitting.

Finally, it is important to notice that with an O(1) fine tuning of the UV contribution to the charged
neutral splitting against the irreducible EW contribution the charged tracks could be extremely long-
lived on detector scale for both the 2;/,, and 3;. This observation motivates a detailed detector
simulation of a muon collider environment to reliably estimate the expected reach in this channel. We
will provide some estimates for the signal yield in the last Section.
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Figure 10.9: Same as for the Figure but for the case of the 31 of mass M, = 2.85 TeV and
Vs =6 TeV (left) and /s = 10 TeV (right).

10.5 WIMP direct and indirect detection

In this Section we briefly summarize the opportunities of the future experimental program in DD and
ID searches, in light of the mass predictions derived in Tables and

10.5.1 Indirect Detection

The current and upcoming ground-based Cherenkov telescopes are in a very good position to probe
heavy WIMP n-plets, which would be inaccessible otherwise. Indeed, these telescopes are designed to
detect very high energy gamma-rays (i.e. £, 2 100 GeV) coming from different astrophysical objects
and they are therefore sensitive to the gamma-ray signal from the annihilations of EW n-plets. The
typical spectrum is characterized at very high energy by gamma-ray lines, peaking at the DM mass
E, ~ M,, from the loop-induced annihilations into v and vZ. The cross-section in this channel is
largely boosted by the SE (see e.g. ) and can raise above the gamma-ray continuum from
the showering, hadronization and decays of the EW gauge bosons .

From the astrophysical point of view, the reach of high energy gamma lines searches depends
very much on which portion of the sky the telescopes will be pointed at. In finding the optimal
choice, a balance has to be found between the maximization of photon flux at Earth and the control
over the systematical uncertainties. Two very well studied astrophysical targets are the Galactic
Center (GC) and the Milky Way’s dwarf Spheroidal galaxies (dSphs) [325]. In the GC, the
uncertainties are dominated by the importance of the baryonic physics in the inner most region of the
Milky Way which comes together with the poor knowledge of the DM distribution at the center of
the Milky Way [330-333]. On the contrary, dSphs stands out as very clean environments to search
for high energy ~-lines only residually affected by systematics related to the determination of their
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Figure 10.10: Expected CTA sensitivities (dashed black lines) with 68% and 95% CL intervals de-
rived as in Ref. [325] assuming 50 hours observation time towards Draco (green) and Triangulum
IT (magenta). We show the SE annihilation cross-section into the channels that contribute to the
monocromatic gamma line signal (i.e. vy an vZ) for a real scalar 7-plet (blue) and a real fermionic

7-plet (red). The vertical bands show the predicted thermal masses for the scalar 7-plet (blue) and the
fermionic 7-plet (red), where the theory uncertainty is dominated by the neglected NLO contributions

(see Table .

astrophysical parameters in the presence of limited stellar tracers [334,335].

Motivated by the above considerations, we show a preliminary analysis of ID signals coming from
annihilations of the real WIMP 7-plet. We focus on the CTA prospects by considering 50h of ob-
servations time towards two dSph targets in the northern hemisphere: the classic dSph Draco and
the ultra-faint one Triangulum II. Notice that the DM properties of Draco come from hundreds of
stellar tracers, while those from Triangulum II are based on just 13 tracers, making the latter more
speculative and subject to large systematics in the determination of the geometrical J-factor [336].
Hence, the reach of Draco should be taken as the baseline reach for CTA.

Our analysis is simplified because the signal shape we consider is essentially a single line at
E, ~ M,. Consistently we take the CTA prospects derived in Ref. [325] for a pure line. We ig-
nore the contributions of the continuum spectrum, the extra features of the spectral shape induced
by the resummation of EW radiation and the contribution of the BSF to the photon flux. While
neglecting BSF is justified if we focus on very high energy photons, a careful computation of the v+ X
cross-section, where X is any other final state, would be needed to precisely assess the experimental
sensitivity [337]. In the last decade, many different groups have investigated the impact of large Su-
dakov logarithms and large collinear logarithms on the ID reach, focusing mainly on the case of the
fermionic 3-plet [338-342,342]. The inclusion of these effects has been shown to increase the reach of
~ 20%, 30% for the 3-plet [325,[329,343] and it is expected to be even more important for higher DM
masses.

In Fig.[10.10| we overlay the SE annihilation cross-section for the 7-plets at v = 10 km/sec against
the CTA experimental reaches. In order to compute the SE in this velocity regime, we took advantage
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of the parametrization introduced in [327] and used the full expressions for the SE at leading order,
including EW breaking effects. The SE saturate already at v ~ 1073,1072 far away from the reso-
nances. As we can see, both a 50 hour observation of Triangulum IT and of Draco have good chances
to detect the high energy v line in the 7-plet annihilation spectrum.

As we see from Fig. given the strong mass-dependence of the features of the SE cross-
section, a major source of theoretical uncertainty on the reach of ID is still the determination of the
7-plet thermal mass. Therefore, a full computation of the thermal relic mass including NLO effects is
required together with a careful computation of the v+ X cross-section along the lines of [338-342,342]
to careful assess the ID reach for the 7-plet.

Independently on our current inability of making a conclusive statement because of the large
theory uncertainties, it is clear that large n-plets are a perfect target for future Cherenkov telescopes
which deserves further theoretical study. A complementary open phenomenological question is if the
low energies gamma lines at ., ~ Ep associated to BSF can be actually disentangled from the
continuum (see [298}344] for preliminary work in this direction). An analogous question can be asked
for monocromatic neutrinos from BS annihilations.

10.5.2 Direct Detection
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Figure 10.11: In dark green we show the present contraints from XENON-1T [345] and PandaX-
4T [285], the green dashed line shows the reach of LZ [346] and the brown green dot-dashed line
the ultimate reach of DARWIN [347]. The light gray region show the neutrino floor for 200 ton/year
exposure derived in Ref. [348]. Left: Expected spin independent (SI) direct detection cross-section for
Majorana n-plets (red) and for real scalar n-plets (blue) (assuming the Higgs portal coupling Ay = 0).
The vertical error bands correspond to LQCD uncertainties on the elastic cross-section in Eq. (10.50))
while the horizontal error band comes from the theory determination of the WIMP freeze out mass.
Right: Current and future reach on the Higgs portal quartic Ag defined in Eq. for scalar DM.
In the shaded dark red region the quartic modifies the freeze-out cross-section by O(1) or more. The
dashed red contours indicate smaller ratios of the Higgs-portal and the EW annihilation cross-sections.

In what follows, we finally investigate the discovery potential of both real and complex WIMPs at
DD experiments. Note that, in the latter case, we will again work in a minimal splitting scenario, since
in this case the spin independent (SI) scattering cross-section ogr can be computed by considering
only EW loop diagrams. Generalizing what written at the beginning of the previous Section, this
corresponds to set dmg = 250 keV for ny/, WIMPs with n < 4 as well as for the allowed n; WIMPs.
For ny /o WIMPs with n > 4, instead, the BBN bound in Fig. @ gives the minimal dmy.
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Figure 10.12: Expected SI cross-sections for complex WIMPs in the minimal splitting scenario. The
blue dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical
and the horizontal error bands have the same meaning of Figure (left). The light green shaded
region is excluded by the present experimental contraints from XENON-1T [345] and PandaX-4T [285],
the green dashed lines shows the expected 95% CL reach of LZ/Xenon-nT [346}349] and DARWIN
[8,1347].

Now, for the cases of our interest the elastic scattering of DM with the nuclei is induced by EW
loop diagrams first computed in [350,351]. After EW gauge bosons are integrated out, the structure
of the UV effective Lagrangian describing the DM interactions reads

Y = v 9q _. v
L3 = Xx (Fama@a + foGuG") + X" XOf, .
X
where we focus on the DM SI interactions with quarks and gluons [352]. The quark twist-2 operator

is defined as O,qu, = %(j (D,/yy + Dy — ngD / 2) q. The Wilson coefficients of the operators have been
computed in Ref. [353] for arbitrary choices of {n, Y’} and at the leading order in M, /my > 1 read

2
EW Ty 2 V,2 A2 2
q =~ *W [TL -1 (103+22(aq *aq ))Y ] y
gV~ Ty (4 189(a) + a?) ¥
7 24m3, B a ’ (10.49)
W 003 26| (n2—1) - [ 1.03 — 75| v?
hW g=c,bt g=c,b,t

where my, is the mass of the Higgs and k. = 1.32, k, = 1.19, ks = 1. Furthermore we have defined
a(‘]/ = Tsq/2 — Qy52, aj;‘ = —T3,/2 with ¢, s, being the cosine and the sine of the Weinberg angle,
respectively. Note that the terms proportional to Y correspond to the exchange of Z bosons inside
the EW loops, in addition to the W ones.

Following Ref. [352], starting from the UV DM interactions we derive the IR interaction of DM
with the nucleons. All in all, the SI elastic cross-section per nucleon in the limit M, > my reads

4
oWV ~ ;mjlvykﬁwy% (10.50)
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where mpy is the nucleon mass and kj%w is defined as

3

KRV =37 BV by + 1@+ q(2))gy " —
q

8 EW
9. Irafc™ -

with the dimensionless nucleon form factors defined as frqy = (N|mqyqq|N)/mn, fre =1—3_, frq
with ¢ € (u,d, s) and (N(p)|Ofw|N(p)) = 7 (Pupy — §M%9)(¢(2) + @(2)), where ¢(2) and g(2) are
the second moments of the parton distribution functions for a quark or antiquark in the nucleon taken
from [353]. Notice that we choose a different set of values for the nucleon form factors with respect
to previous studies [354] which explain the difference in our results. In particular, we take the FLAG
2021 average of the lattice computations in the case of Ny = 2+1+1 dynamical quarks [39,355,356].
Notice also that since Y # 0, the up and down quarks can give different contributions to the SI
cross section in Eq. for complex WIMPs. The ETM Collaboration [355] has computed the
form factors in the case of degenerate light quarks so we take fr, = frg, ignoring possible differences
between these two form factors.

By combining the previous expressions all together, namely Eq. (10.49)) with Eq. (10.50)), the

parametric expression for ogr reads
os1 ~ 107 em?(n? — 1 — £ Y?)?, (10.51)

where ¢ = 16.6 £ 1.3. The error has been obtained by propagating the LQCD uncertainties on the
elastic cross-section . This formula makes evident that large cancellations with respect to the
natural size of the elastic cross section can take place when Y ~ /(n? — 1) /€. In particular, for n = 2
the exact cancellation takes place at Y =~ 0.44 + 0.02, which almost matches the exact hypercharge of
the doublet. Similarly, the cancellation happens at Y ~ 1.2 for n = 5.

Our results for the SI cross sections for each possible n-plet are shown in Figures (left)
and for real and complex WIMPs, respectively. We obtain the vertical uncertainties on the SI
cross-section predictions by propagating the LQCD uncertainties on the form factors. Furthermore,
the horizontal bars represent the uncertainties coming from the computation of the thermal masses
through the relic abundance. As shown in the plots, almost all the WIMPs lie in cross-sections above
the Xenon neutrino floor, as computed in [348], and can be probed by a very large exposure experiment
like DARWIN [347]. The only notable exceptions are the fermionic complex 2; /2 and 5 candidates.
This issue, which is evident from Figure can be understood through the previous discussion on
Fa. (103).

For completeness, also spin dependent (SD) interactions of DM with the nuclei can be considered.
They are again induced by EW loops

LR = dy (X" 15X) (@759), (10.52)

where the Wilson coefficient has been computed in Ref. [353] for any choice of the {n, Y’} couple.
However, although in some cases the predicted SD cross section can lead to a larger contribution
compared to the SI one [353], for all the WIMPs it lies always well below the neutrino floor and it will
be impossible to test even at future direct detection experiments.

Finally, let us comment on the new opportunities for DD that arise for real scalar DM. Here,
a non-zero Higgs portal quartic in Eq. leads to a new contribution to the SI DM scattering
cross-section with the nuclei, which again in the M, > my limit reads

4
ol = ;mﬁ,\k}\{,\? , (10.53)
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where
H _ AHIN
kN ~ 2 y
4mhMX

(10.54)

with fy =~ 0.31 obtained from lattice QCD results (see [357] for a more detailed discussion on the
real scalar triplet). In the right panel of Fig. we show the regions of parameter-space where
the Higgs-portal interaction can be tested in DD. The requirement of not significantly affecting the
freeze-out dynamics bounds the annihilation cross-section induced by the Higgs portal to be smaller

than the EW cross-section, oI /oEW < 1. which results in an upper bound on the quartic coupling

Mg shown by the red shading in Fig. An estimate for this bound can be obtained by comparing
the hard annihilation cross-sections, and reads A%, < (n? — 3)(n? — 1)g3/8. Interestingly, XENONIT
and PANDAX-4T already exclude a large part of the region where the Higgs portal induces O(1)
modifications of the freeze-out predictions, while LZ will completely exclude this possibility.

10.6 The non-minimal splitting scenario for complex WIMPs

Exploiting the freedom to change the spectrum given by the UV operators in Eq. one can have
significant changes in the phenomenology at both the muon collider and DD experiments, which we
have described in the previous two Sections. We dedicate this last Section to explore the phenomeno-
logical consequences of releasing the minimal splitting assumption.

10.6.1 Direct detection

The Higgs portal operators in Eq. (10.6) generate upon EWSB a linear coupling of the DM to the

Higgs boson of the form
A
Lpp =2 XEuh. (10.55)
2Auv

This coupling mediates tree-level SI scattering processes of DM onto nuclei, therefore it can be con-
strained by DD experiments. As the mass splitting dmg has to be sufficiently large to suppress the scat-
tering mediated by the Z boson, we find that the allowed parameter space for the non-renormalizable
couplings is compact.

Following Ref. [358], we can integrate out the Higgs boson and write the couplings of the DM to

the SM
ST A

eff,h Qm%AUV

so that the matrix elements f, and fg, defined in Eq. (10.49) for EW loops and required to compute
osr, are simply given by

’ (mqq‘q - %;GZVG“"”) : (10.56)

A
2m%AUV ’

Qs )\D

fo= 17N + fa= 18" (10.57)

B g Qm%AUV ’

where féEW and fIG“jw come exactly from Eq. (10.49)). We can rewrite the coupling Ap solely in terms

of mass splitting as
AD 2Y
Aov _ﬁ(dl’LQJVI +ndpo) , (10.58)

where Bw
20mq,, — dmo — 2AMg " 5 dmo

500 ; dpo=—=

5/LQM =
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and AMiV;/ is the gauge induced mass splitting in Eq. (10.15). Thus, replacing Eq. (10.58)) into

Eq. (10.50) allows us to translate the upper bound on og; into an upper bound on dmg and omg,, .
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Figure 10.13: Signal yield of the charged tracks for the 2y /5, 31, 4; /2, 51.

10.6.2 Muon collider searches

The splittings dmg, dmg,, determine the lifetime of the charged components of the EW multiplet,
which are pivotal to understand the viable collider signatures. In what follows we take as reference
the detector geometry proposed in [277] and we classify the parameter space (dmg,dmg,,) in various
regions according to the lifetime 7,cp of the Longest Lived Charged Particle (LCP) of a given multiplet.

For cr,cp > 1 m the LCP gives long charged tracks with an average length roughly corresponding
to the middle layer of the outer tracker. The SM background processes for this “long” track with
anomalous properties strongly depends on the properties of the detector, therefore its study is outside
the scope of this Thesis. We limit ourselves to estimate the number of expected signal events of
charged x pair production at a muon collider, as shown in Fig. [I0.13] We highlight that this results
approximately holds for generic /s in the domain of tens of TeV of interest here, as long as Eq.
for the luminosity holds. In Fig. we show the (7 of the produced charged particle, which plays
a crucial role to disentangle these special tracks from the SM background.

Our estimates for the CTs are based on the counting of the number of LCP produced. For the LCP
we require pr > 200 GeV, || < 2, inspired by LHC searches [324]. For the 2; 5 and 3; we include in
our counting all charged particles production, assuming that x*T promptly decay to the long lived x .
For the 4,5 and 51, which have more complicated spectra, we stick to the minimal splitting scenario
for the estimate of the charged tracks yield, which corresponds to the minimal y; necessary to lift x~
above xpwm. In this spectrum configuration y~ is the most natural and only candidate to make CTs,
therefore we only consider this contribution in our result []

Now, for 1 m > crcp > 0.33 cm the lightest charged WIMP gives, instead, a disappearing track
signal, which has been introduced in the minimal splitting framework and it is further described in

“We neglect any possible contribution coming from x* decaying into x ~*¢, since in the region where mixing is relevant,
the charged particles lifetimes are too short and are in the “stub tracks region”, as shown in Fig.
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Figure 10.14: Direct Detection and collider signatures in the non-minimal splitting scenario in the
plane dmg vs. dmq,, from the 2,5 (left) and the 3; (right) . The green shaded regions are excluded
by current DD constraints on inelastic DM (see Fig. . Gray diagonally hatched regions are
excluded by BBN constraints on the longest lived unstable particle in the multiplet. Dashed green
lines show prospects from future high exposure Xenon experiments: LZ, DARWIN and DARWIN/G3
(arrows pointing to the direction of the expected probed region). In the gray shaded region the direct
detection signal falls below the so-called neutrino floor. Blue and black dashed lines show isocurves
corresponding to different benchmark tracks lengths. Different hues of brown distinguish the regions
suitable for charged track, stub tracks and missing mass searches. We show the pure gauge dmg,, as
a dashed gray line for reference. Red dashed lines delimit the range of perturbative mass splitting at
fixed Ayv/Mpwm ratio. Purple dashed lines show the contours of the fine-tuning among the different
mass splittings as defined in Eq. . In particular, mass splittings above the line F.T.=1 are not
fine tuned.

Appendix [F]

Finally, for crcp < 0.33 cm the lightest charged WIMP decays promptly on collider scales and
gives MIM signatures, such as the mono-W and mono-y previously discussed. The choice for the
threshold value to consider the signal as prompt corresponds to c7/2 of the CT for the 2;,, WIMP
in the minimal splitting scenario, which is a known benchmark where DT reconstruction starts to
become challenging.

10.6.3 Two explicit examples: the Dirac 2,/; and 3; WIMPs

At this point, let us examine in greater detail the parameter space spanned by dmg and émg,, for
the fermionic complex 2y /5 and 3; WIMPs, which have been explicitly described for both the muon
collider and the DD searches in the minimal splitting scenario.

We recall that the 215 and 31 are special WIMPs, since they are the only multiplets with maximal
hypercharge compatible with our assumptions. In particular, for 2; /5 requiring dmg 4+ > 0 automati-
cally implies the neutral WIMP candidate is the lightest one. Perturbativity requires édmg < 40 MeV
for the n = 31 WIMP. The narrower range of dmg for the 3; with respect to 2/, was expected from
the higher dimensionality of Oy for Y = 1 as compared to Y = 1/2.
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In Fig. we show the constraints on the Dirac 2y, and 3; in the parameter space spanned
by dmg and dmg,, coming from present DD experiments like XenonlT and PANDAX-4T, as well
as prospect from future high exposure Xenon experiments, i.e. LZ, XENONnT, DARWIN and DAR-
WIN/G3. As we can see from Eq. , these bounds depend solely on the combination du =

20mq,, + (2Qnm — 1)émyg. In particular:
ou 2
) ;o n=2y,

(0.3 —
os1 ~ 107*% cm? L Gev

0.2 + o\’ n=3
’ 1GeV) ’ - o

In the region of low mass splitting for both 2;,5 and 3; the direct detection cross section lies
below the neutrino floor. For 24/, Eq. shows that large cancellations between EW loops and
tree-level Higgs exchange occur around dp =~ 300 MeV, while for 3; the minimum ogr is obtained
for o4 = 0 and falls below the neutrino floor. To produce a direct detection cross section above the
neutrino floor for the 21/, (31) we need 6y > 1.6 GeV (dp > 2.0 GeV). PANDAX-4T already excludes
mass splitting op < 20 GeV (du < 30 GeV) for the 21/ (31).

All in all, DD still leaves a large portion of parameter space unconstrained between the neutrino
floor and the PANDAX-4T constraints. Remarkably, this region corresponds to mass splittings that
do not corresponds to tuned adjustments of the three contributions to dmg and dm, that we have
considered. Generic contribution from UV effects that modify the EW splitting are thus expected to
populate this region currently not probed by DD experiment. The region of large splittings can be
covered by large exposure Xenon experiments while the large portion of the parameter space lying
below the neutrino floor should be taken as a major motivation for a future muon collider. For
21/ WIMP the neutrino floor region can be fully probed only via a combination of CTs, DTs and
MIM searches that become relevant depending on the dm value, as shown in Fig. [I0.14] For the 3;
WIMP DTs and CTs can exclude the entire neutrino floor region, while MIM and DT searches can
be complementary to large exposure DD experiments to probe the rest of the parameter spaceﬂ

(10.59)

SWhile the plot in Fig. show the possible regions in which DT can be reconstructed efficiently, they do not show
if the reach is large enough to guarantee exclusion (or discovery) of the WIMP candidate. Recalling the discussion for
the minimal splitting scenario, the general message is that for /s sufficiently larger than twice the thermal DM mass
DT searches will be powerful enough to probe the parameter space.



Chapter 11

Thermal decays of DM with
LeptoQuarks

In this last Chapter we will investigate in detail another possible model of Dark Matter, based on its
thermal decays. This scenario constitutes an important example of combined study of phenomenol-
ogy of Dark Matter and Flavour Physics. In fact, the most important issue is the introduction of
new interactions between DM and SM particles which are mediated by LeptoQuarks, whose general
properties have been widely discussed in Chapter |8 This possibility is particularly interesting since
it can in principle give a combined explanation to the observed DM abundance and to the anomalies
observed in B-meson decays, with particular attention given to the R(K'), R(K™) ratios. In this sense,
this model constitutes an important link between this Part and the previous ones of this Thesis.

In what follows, we will firstly describe the general ideas underlying this novel model. Then, we
will write the generic form of the Boltzmann equations that describe these new DM interactions and
study their features, deriving approximate solutions. Furthermore, we will discuss possible models
that only involve one DM particle, then focusing on models where DM carries lepton number (e.g.
a right-handed neutrino) and interacts with the SM via TeV-scale LQs (motivated by the flavour
anomalies). Finally, we will study possible experimental signatures, with particular attention given to
DD and ID searches.

My main contribution in this project concerns the computation of the decay widths of all the DM
decays and the cross sections of all the thermal DM decays necessary for the implementation of the
Boltzmann equations and for the study of freeze-out and freeze-in mechanisms. I have also contributed
to the investigation of possible detection strategies at both Direct and Indirect detection experiments.
All the details about these computations can be found in Sections[L1.3] [I1.5]and [L1.6] of this Chapter.

11.1 The main motivations for Dark Matter and LeptoQuarks

The measured value of the DM energy density can in general be understood in terms of various
hypothetical scattering processes occurring in the early universe. The most studied scenario considers
2 <> 0 annihilation processes, where we count the number of DM-sector particles plus anti-particles
in the initial and final state, without indicating the SM particles. Examples of such processes that
change the number of DM (anti)particles by two units are

DM DM « SM SM, DM DM « SM SM SM. (11.1)

155
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A Zy symmetry acting on the dark sector only usually justifies the presence of 2 DM (or, more
generically, dark sector) particles and implies DM stability. These annihilations (or, more generically,
co-annihilations) can lead to DM around the TeV scale as a freeze-out thermal relic, as we have seen
for WIMPs in Chapter 0] A freeze-in non-thermal relic and other possibilities can also arise through
the same interactions.

Processes more complicated than 2 <> 0 received less attention: 2 <+ 1 scatterings, known as
semi-annihilations, can arise in models where DM is stable, and behave similarly to annihilations
(see |359-361] for recent references). 3 <> 2 or 4 <> 2 scatterings give qualitatively different behaviours
sometimes dubbed ‘cannibalistic DM’ [362] or ‘pandemic DM’ [361], depending on the regime and on
whether DM is in thermal equilibrium with the SM sector. These scatterings can reproduce the DM
cosmological density for DM masses in the eV or MeV range, and can be justified by Zs or higher
symmetries.

Little attention has been received by the simplest possibility: 1 <+ 0 processes that could be dubbed
‘decadent DM’. Examples of such transitions that change the DM number by one unit are

DMSM <> SMSM, DM ¢ SMSM,  SM ¢ DM SM. (11.2)

These processes arise in absence of a symmetry that forbids couplings between one DM particle and
the SM sector. This is what can happen, for instance, in presence of interactions under which both DM
and SM fields are charged, where imposing a symmetry that separates the dark sector from the SM
might be not be a viable option. Prototypical examples of such a scenario include “sterile neutrino”
DM, that can couple to leptons via a Higgs boson or a right-handed vector boson, or models where DM
interacts with quarks via a LeptoQuark mediator. In both cases, the mediator carries a conserved SM
charge and is allowed to couple to a DM-SM current. The possibility of DM coupled to LQs has been
considered before [363-365], but usually in combination with an additional Zy symmetry that forbids
DM decay. Here we shall explore the minimal possibility that allows the mediator to simultaneously
couple to DM-SM and pure SM currents.

Given that 1 <> 0 processes are unavoidable in some theories, we show that, on the other hand,
they can play a useful role in cosmology. Indeed, since DM needs to scatter on SM particles which are
abundant in the primordial plasma, in order to reproduce the DM relic abundance these processes need
a smaller cross section than that of the usual DM annihilations in Eq. , where DM needs instead
to find a rare DM particle. We refer to the interactions in Eq. as “thermal decays” because at
finite temperature such transitions are conveniently described by Boltzmann equations with a thermal
width I'r of DM. This terminology emphasises the obvious and potentially insurmountable problem:
DM risks decaying too fast, since there is no separate dark sector with a conserved DM number.
Interactions that lead to the thermal decays in Eq. also lead to DM decays. To be quantitative:

e on one hand, the DM life-time mpy = 1/T'py must surely be longer than the age of the Uni-
verse Tpm > Ty (~ 10'%¥s). Many DM decay modes are more strongly constrained, requiring
M 2 10%0 s [366/368];

e on the other hand, thermal decays can give non-relativistic DM freeze—outﬂ reproducing the cos-
mological DM abundance if their rate I'pyr is comparable to the Hubble rate H at temperatures
around the DM mass M.

Freeze-in needs a smaller Tpmr. We do not consider relativistic DM freeze-out (analogous to neutrino decoupling),
because the resulting DM abundance would be of order unity Ypm = nom/s = 45¢(3)gpm/gsm (Tdec)w4 and thereby
the DM cosmological abundance would be reproduced for warm DM with mass M = 0.7eV gsm(Taec)/gpm. To avoid
problematic warm DM, the DM decoupling temperature Tyec must be mildly below the DM mass M. So we need a
sizeable I'pmr ~ H at T' ~ M.
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As a result, the two requirements conflict easily and by many orders of magnitude: one needs
Tom/Towr <1072, (11.3)

This gap by 30 orders of magnitude is such a strong constraint on possible models that this scenario
is widely ignored. We nevertheless explore this possibility: while the simplest freeze-out picture in
models with one DM particle is clearly ruled out, more complex possibilities with DM freeze-in or
with multiple DM particles emerge and can lead to a peculiar phenomenology. We will investigate
this issue at the end of this Chapter. A common feature of all viable models is the presence of some
small coupling between DM and SM, which could be related to an underlying flavour structure.

11.2 The structure of Boltzmann equations for DM thermal decays

As usual, it is convenient to write the Boltzmann equation for Y = n/s in terms of z = M /T, where
M is the DM mass, n is the DM number density, and s the total entropy. Including scatterings
that involve two DM (the usual DM annihilations) and one DM (our thermal decays) the Boltzmann
equation is

dy Y2 Y
HZz— =-29 [ — —1) =7 [ — —1 11.4
onzs G =077 -1) (3 1) ey
where the factor Z = 1/(1 + %d;?ng}s) can often be approximated as 1. In order to match the DM

cosmological density, DM must freeze-out while non-relativistic, so that its thermal equilibrium abun-
dance is Boltzmann suppressed, nj® ~ d;(m;T/2m)3/2¢~™/T where d; is the number of degrees of
freedom for the particle i. The space-time density of scatterings 7;" can thereby be simplified going to
the non-relativistic limit. The initial state of the usual DM DM <+ SM SM annihilations becomes non-
relativistic at low temperature. When considering more generic processes an unusual step is needed:
identifying which side of the reaction becomes non-relativistic, namely the side that involves heavier
particles. Defining as A, B the particles that can scatter at rest (they can be in the initial state or in
the final state, depending on the kinematics of each process), the rate is approximated as

T<m
eq TS eq eq =i ,
v, X Snyngoi where o0 = 11}13(1)(010). (11.5)

The initial-state symmetry factor .S is only present when the non-relativistic particles are in the initial

state. In the presence of multiple processes, the total %e 9 are computed by summing their rates. In
the non-relativistic limit the Boltzmann equation becomes

dy

— = —famn(2)(Y? = YZ) = faee(2)B(2)(Y — Yeq) (11.6)

$o0i N [ mdsm
fz(2> = HZZ’E?’ Az = Mp]MO’OZ‘ 1 s (117)

such that DM is in thermal equilibrium at T' ~ M if \; > 1. In the annihilation case, Aan, is the
usual dimension-less combination that helps obtaining approximate solutions in the limit Ayp, > 1.
The thermal scattering term contains an extra unusual but important factor B(z), since it contains a
Boltzmann suppression. Its non-relativistic approximation is

YOYEY  dpy (MT\Y? A
~ —— 11.
ye =R <2w> eXp[ T] (11.8)

where we defined

B
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Figure 11.1: Evolution of the DM abundance Y = n/s for thermal decays, assuming a heavier initial-
state involving a SM particle with mass mp = § M and DM mass M = 1GeV. The case § = 1
corresponds to DM annihilations. For § # 0 we considered scatterings with heavier initial state,
interaction strength Agec = 10°, degrees of freedom dpy = 2 and dg = 4. For § = 0 (red curve) we
instead assumed dg = 2 and a smaller \goc = 10%: despite this it produces a lower DM relic abundance.

where
dad 3/2
R= d%j (m;/[nzzg> , A=myg+mp—M, for heavier final state, (11.9)
d 3/2
R=-2 <@> , A =mpg, for heavier initial state. (11.10)
dpm \ M

The A factor that controls the exponential suppression is a combination of the masses M of DM,
and ma and mp of the particles that become non-relativistic. The important observation is that, in
general, A # M. The DM mass M is the only relevant mass that controls how Boltzmann-suppressed
the usual DM annihilations into light SM particles are.

One has m4 = M and thereby A = mp for processes where the initial state is heavier and hence
non-relativistic. As we are considering DM 4 SMp <> SM SM processes, A is the mass of the initial-
state SM particle. If instead the final-state is heavier and hence non-relativistic, DM SM < SM 4 SMp,
A is given by a more complicated combination of masses.

In the presence of multiple process, the one with smallest A, i.e. least Boltzmann suppression,
tends to dominate. The explicit expressions for A imply that the Boltzmann suppression is only
avoided at the kinematical border where DM decay starts being kinematically allowed.

We see that the ‘thermal decay’ terms corresponds to an effective decay width I'pyr = Bodeco

that gets Boltzmann suppressed at low 7T'. Indeed the rate of a true decay with width I'pyr would be

>1
Ydee = Iomrni?Ki(z) /Ka(2) = ni T pmr.

11.2.1 Approximate solution to the Boltzmann equations: freeze-out

The freeze-out abundance produced by DM annihilations or by thermal decays can be approximatively
computed as follows. These processes reach thermal equilibrium if Ay dec > 1. Long before freeze-
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out, i.e. at early z < zy, we can expand Eq. (11.6]) to first order in small Y — Y4, finding for A; > 1

PAVS
2<zy Yo, z(z —3/2)
Y(2) — Yoq = — - , 11.11
S WS 7N W S WIS WO, =) (1L1)

where § = A/M so that A/T = z5. We see that 6 < 1 i.e. A < M enhances the effect of thermal
decays compared to thermal annihilations. In general, the values of Agec/Aann and of ¢ decide whether
freeze-out is determined by annihilations or decays.

The final abundance is roughly approximated as Yo ~ Yeq(2f) where the freeze-out temperature
2y is estimated imposing Y — Yoq = ¢Yoq with ¢ = 1. In the usual case where only DM annihilations
are present, namely when Agec = 0, one gets the usual estimate for the freeze-out temperature zy ~

In <2dSM/\ann / z]%), and the usual freeze-out abundance Y., ~ zJ% /2Aann. If instead only DM thermal
decays are present, i.e. Ayny = 0, one gets

1 1) 456/\deCfRdDM 2
R — — | —— 11.12
f 25W [71’ ( 43dgy ) ] ’ ( )

where § = A/M and W (zx) is the ‘product log’ function, that solves x = We" and is roughly
approximated by Inx as £ — oco. The final DM abundance is approximated asﬂ
~1/6

dec

Yoo & Yeq(2f) ~ A (11.13)

showing that thermal decays need a smaller value of A > 1if § < 1, i.e. A < M. Fig.[I1.1] shows
examples of numerical solutions to the Boltzmann equations for fixed interaction strength Age. and
varying ¢: we see that smaller § leads to a lower DM final abundance in agreement with Eq. .

Note that thermal decays are maximally efficient for § — 0. A look at kinematics shows that
this limit corresponds to processes where DM scatters with a much lighter SM particle B, such as
the photon. Thereby this case only arises near to the dangerous kinematical border where the phase
space for DM decays starts opening up. In this case, the cancellation of IR divergences between real
and virtual effects starts being relevant. In particular, we have that B = Y5* is constant (so that
the non-relativistic limit used in previous approximation no longer holds), decoupling happens at

zf ~ y/AdecYp' (no longer log-suppressed) and the subsequent evolution is non-negligible leading to

e 45dpy (Adec Y534 —yea
Yoo & Yeq(zf)e Aaee¥s /21 25/27T7/e;d§M e 2V Adecn, (11.14)

This case corresponds to the red line in Fig.[11.]]
Let us next discuss what these results mean in practice. We can approximate a non-relativistic
cross section at 7'~ M as

géy/AmM?  dimension-4 interaction with coupling gpwm

G%,M?/4n  dimension-6 interaction with coupling Gpy (11.15)

o ~ g]S)M {
where the interaction of DM with the SM sector is described by some dimension-4 interaction with
dimension-less coupling gpm, or by some dimension-6 operator with coefficient Gpy with mass dimen-
sion —2. Depending on how many particles are involved in this DM interaction, extra couplings can
be needed to obtain a cross-section, so that we add extra powers p of a generic SM coupling (such as e

2This expression is accurate up to order unity factors, as we neglected evolution at z > Zf.
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Figure 11.2: Values of the DM coupling to the SM needed to reproduce the DM cosmological abundance
via thermal decays with exponent § = A/M. The case 6 = 1 reproduces DM annihilations. We assume
the cross section in Eq. with coupling gsm = 1 and other specifications as in Fig. Left:
DM with a dimension-less coupling gpas to the SM. Right: DM coupled via a dimension-6 operator
with coefficient Gpy. Its freeze-in estimate is the minimal contribution that arises if Ty ~ M.

or go or fr/mz). Since its power is model-dependent, for the purpose of the present parametrisation
we assume ggn ~ 1.
The condition A\ 2 A\nin translates into

o [PminM 4 GeV)*/? .

gpm 2 10 , Gpm 2 107°Grv/ Amin | —— (thermal equilibrium)  (11.16)
GeV M

where G is the Fermi constant. Both annihilations and thermal decays need at least to reach thermal

equilibrium, corresponding to Ayin ~ 1. DM annihilations give the freeze-out abundance Yoo ~ 1/Aann,

so the cosmological DM abundance is reproduced for A ~ M/eV > 1, corresponding to

M GeV
~ 1
Gov:  Gom~10Gr—r

For § < 1, DM thermal decays need DM couplings smaller than in Eq. , possibly down to the
minimal value in Eq. for Amin ~ 1, reached in the limit § < 1, i.e. A < M (where DM thermal
decays become maximally efficient).

Fig.[T1.2]shows the values of gpym and Gpy needed to reproduce the DM relic abundance via freeze-
out of thermal decays, assuming gsy = 1, considering different values of 0 < 6 <1 (solid curves). The
needed values range between those characteristic freeze-out of DM annihilations (§ = 1, Eq. (11.17]
and black curves in Fig. down to those needed to achieve thermal equilibrium (§ = 0, Eq. (11.16

and red curves in Fig.|11.2).

gpm ~ 1074 (DM annihilations). (11.17)

11.2.2 Approximate solution to the Boltzmann equations: freeze-in

If DM couplings are so small that it never thermalized, one can instead assume a vanishing initial DM
abundance (needless to say, this is a more questionable assumption than thermal equilibrium) and
match the small amount of generated DM with the observed DM abundance.
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The final DM abundance produced by freeze-in is obtained by setting Y = 0 in the right-handed
side of Eq. (11.6)). One gets

> dz e Ve I'pymr
Y. = 22 Jdec Jdec . 11.18
* /0 2 Hs P Hs TP T H ( )

The DM abundance suggested by cosmology, Yo, ~ eV /M, is thereby reproduced for a comparably
small value of I'pyr/H. Unlike in the freeze-out case, replacing DM annihilations with DM thermal
decays does not lead to significant changes in the dynamics. What changes is that the needed scattering
can be partially mediated by SM couplings, that can have significant values gsp ~ 1. Freeze-in can
be dominated at low T~ M or at high T' > M depending on the dimension of the interaction:

e If DM has a dimensionless coupling gpy, the rate 7§2c ~ g%Mg%MT4 at T > M gives a DM
abundance Y, dominated at T ~ M, Y, ~ g%Mg%MMpl /M. This matches the cosmological
DM abundance for

gpmgsm ~ \/To/Mpy ~ 10715 (freeze-in of thermal decays). (11.19)

Precise order one factors depend on the process (such as a scattering or a decay, see [369]
for examples). A general expression, valid up to these process-dependent order one factors, is
obtained by inserting in Eq. (11.18)) the universal non-relativistic limit

2025d%, R
32m7d3 (1 +0)%

Voo & / dz faeeBYeq = Adec (11.20)
0

This is plotted in the left panel of Fig. assuming the cross section in Eq. (11.15]) with ggn ~ 1.

e If DM has a non-renormalizable interaction Gpy, one has fyggc ~ ggMG%MTs so that DM
production is dominated at T' > M: the result depends on the full model. For example, the non-
renormalizable operator could be produced by a mediator with mass My,.q and renormalizable
couplings. If the reheating temperature satisfies Tryg > Mpeq the DM abundance is dominated
at T ~ Mpeq and can be approximated in a way similar to Eq. (1I1.18)). If M < Ty < Mmed
the DM abundance is dominated at T ~ Tryg, Yoo ~ ggMG%MMplTE{H' Eq. (11.18) provides the
minimal contribution that arises at T' ~ M if Ty ~ M, plotted as upper bound in the right

panel of Fig.[I1.2]

11.3 DM with lepton number and freeze-in

We are looking for theories where DM number is significantly violated, but where, at the same time,
DM is very long lived. Let us consider DM coupled to two SM particles with masses m; and ma:

DM SM; SM,. (11.21)

To avoid the most immediate danger, the tree-level decay DM — SM; SMy, we assume M < m1 + myo
so that this process is kinematically blocked. We also need to assume M ~ mq 2, so that the SM
particles take active part in DM decoupling. Finally, if the coupling is large, it might be
necessary to assume M > |mj —ma|, to avoid potentially problematic decays of SM particles into DM.

Now, the next danger is represented by virtual decays such as DM — SM; SM35. The SM; particle
with mass mg and dy degrees of freedom is off-shell. Moreover, SM3 has quadri-momentum kg with
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particle life-time mass e =T/m main decays
e 00 0.511 MeV 0 stable
p=duu 210 yr 938.3MeV <1076 stable
n = ddu 880s 939.6 MeV 0.8 10727 pev
m 22107 %s 105.7MeV 2.8 10°'8 evy e
K- =su 12107%s 493.7MeV 1.1107'¢ pup,, 770
T~ =du 2.6107%s 139.6MeV 1.8 1071° U,
0~ =sss 0.810710s 1672MeV 48107 AK~,Zrm
Yt =wuus 0.81070s 1189MeV 6.9107"°  pa¥ nrxt

Table 11.1: SM particles with lowest narrowness ¢ = I'/m. One component out of multiplets is
selected.

x = k3/m3 < 1 and decays into lighter SM particles SM3 4. not directly coupled to DM. The DM
decay width averaged over polarizations then is

F(SM; — SM374’M)

11.22
7Td2m2 ( )

(DM — SM;SM34.) = /(jx_*/l’; (DM — SM;SM3)

The integral is dominated by the highest available xpax < 1, so that some decay modes of SMy might
be closed for SM3. The off-shell decay width is thereby approximated as

e [(DM — SMiSM3) o T (11.23)

I'(DM — SM;SM34..) = I 1_x m;
max 1

where I'; is the total decay width of SM;, and BR; (possibly equal to 1) its branching ratios into light
enough particles (such as photons, neutrinos, electrons). Each SM; particle has a value of ¢;, and its
smallness is a figure-of-merit for coupling long-lived DM to SM particles. Table lists the most
narrow SM particles. All of them are lighter than about a GeV (heavier weak-scale SM particles decay
too fast for our purposes), so DM too has to be similarly light. At sub-GeV energy, physics is described
by baryons and mesons, rather than by quarks. In order to possibly reproduce the DM abundance via
freeze-out, DM interactions cannot be suppressed by a scale much above the weak scale.

The electron and proton are stable in view of conservation of charge and baryon numbers. The
other SM particles undergo weak decays suppressed by (m/v)* and possibly by phase space (the
neutron) or by flavour (the K, €, in Table . DM decays can be suppressed by € ~ 10715, far
from the needed e < 1073%. One dose of off-shell vaccine does not protect DM stability well enough.

However, two doses of the off-shell vaccine can give enough protection. Let us assume that DM is
coupled to two SM particles as in Eq. and its mass is M < mq, my. Then doubly-virtual tree-
level decays DM — SMj; SMJ are suppressed by e1ea ~ 10730, corresponding to two weak interactions.
An example in this sense is DM coupled to pm, see Fig.[11.3h.

Nevertheless, even if DM only directly couples to massive SM particles, so that its tree-level decay
channels are suppressed, one-loop effects can give DM decays into light SM particles. DM that couples
to a particle/anti-particle pair (such as 777~ ) decays at one loop level into photons, DM — ~v, with
rate suppressed by a QED loop factor, € ~ (e/4n)* ~ 1075, This is far away from the needed 10730
suppression. DM that couples to 75¢F decays as DM — v~y at one loop level (see Fig.), with
rate suppressed by an electroweak loop factor, € ~ (fr/4mv)* ~ 107!8 but still below the needed
1073°. Loop decays are present because this DM has lepton number, which is carried by nearly-
massless neutrinos. Let us then discuss a minimal model that achieves the level of stability needed for
freeze-in.
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Figure 11.3: Decays of DM coupled to pum. Left: via off-shell p and/or 7. Right: at loop level. The

qq quarks (in red) form QCD bound states, including pions.

11.3.1 Mediator models

We consider DM to be a fermion x with no SM gauge interactions and lepton number L = 1. This
corresponds to a sterile neutrino in presence of a Yukawa coupling yLH. This is a well-known allowed
DM candidate if it has keV-scale mass: it can be cosmologically produced, compatibly with bounds
on x — vy decays [370], as freeze-in, via resonant oscillations or via the decay of an extra scalar.

We instead explore the possibility that the SM neutral lepton singlet x has a heavier mass M and
has gauge interactions in an appropriate extension of the SM. The natural possibilities allowed by
group theory are the following:

o A (XVulr) Wg interaction in models where the right-handed Wgx boson is part of an extra

SU(2)r. The full couplings of the Wgr mediator to fermions are
Cwn = (i ryx + 93 Wyudly) Wh + huc. (11.24)
where i, j are flavour indices. Integrating out the Wpg generates
L3l = —Cyr(XY"CR) (dRYuuR) + - - (11.25)
with Cyr = gng/Mng-

A (upvy,x) U} interaction with a vector leptoquark Ul' (see Table for the corresponding
quantum numbers), whose couplings to fermions are

= (g Th"X + 9 iy Gy + g7 Qin"T],) Uny + hc. (11.26)

We will discuss in what follows how a flavour structure can arise. Hereafter, we also drop the
subscript 1 for simplicity, so that U* = U}'. Note that the latter term in (11.26) has been
considered as a possible interpretation of the flavour anomalies in decays of B mesons, adding
interest to the possibility of obtaining DM in this context. Integrating out the leptoquark at
tree level generates

L5 = —Cyr(Xv"Cr) (drypur) + 2050 (XLL)(Qrur) — Crr(5.y"br) (Aryupr) + -+ (11.27)
22 32
with Cyr = %—gf, YL = PIL - and Crp = L9 which reproduces the B-anomalies for
u

M2 M2 >
u u
Crr ~ —1.4 Vi Viem/4m0v? = 1.4/(36 TeV)? [371].
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e Alternatively, interactions can be mediated by a variety of scalar fields. An example is the
already mentioned Yukawa coupling with a Higgs doublet, H°Ly Y, in which case the DM can
be identified with a right-handed neutrino [370]. Scalar leptoquarks, instead, can couple x to
SM quarks if they have suitable quantum numbers (see again Table for this purpose). The
only two possibilities that are able to induce a DM-SM? interaction are S; and Rs, with

Ls, = (gXJRX + gLQLé'LCL + gruge®)S1 + h.c., (11.28)
Lg, = (ngLX + gLJRLL&T)RQ + h.c. (11.29)

The full list of possible DM couplings to one lepton and two quarks, all of which can be generated by
the tree-level exchange of one of the previous mediators, is [372]

L = — Cyr(XY"CRr)(dry,ur) + 2050 (XLL)(Qrur)

AT RN | TOxLIXEL (11.30)
= O (Lrx)e(Qrdr) — Cyr(Qrx)e(Lrdr).

We expect that the various operator coefficients satisfy C; < (TeV)~2 because the charged or colored
mediators that generate the effective interactions are generically constrained to be heavier than the
TeV scale by collider bounds. We will sometimes collectively denote these couplings as 4Gpn/v/2,
including a normalization factor for ease of comparison with the Fermi constant G .

Below the QCD scale LefoM becomes effective couplings to pions, x4, and to heavier mesons (such
as p and excited pions), as well as couplings to baryons, x¢pn. Heavier mesons give negligible effects
in cosmology and are not subject to significant bounds, despite that kinematical space for their tree-
level decays is open. The coupling to baryons can have more significant effects, since baryons remain
as relics at T' < my,,, thanks to the baryon asymmetry (DM couplings to quarks never lead to DM
coupled to baryons but not to pions). Using chiral perturbation theory (see Appendix the coupling
to pions is obtained substituting the quark terms in the effective operator Eq. with pion terms
with the same transformation properties:

T C - .
DM = %;(X’YMER) [fw Dyt +i(n0unt — nt0,n%) + - } -
—Z‘CXLfWBO [\/ﬁ(XEL)W+ + ()_(VL)WO + - } + h.c. (11.31)

where fr = 93MeV, By ~ 22f, is the quark condensate, D is the gauge-covariant derivative and we
will not need higher orders. We assumed DM couplings to right-handed quarks, but this information is
lost in DM coupling to pions (the suppression is of order fr/Aqcp ~ 1). This will remove a suppression
of weak loops.

11.3.2 DM decays (at loop and tree level)

We start discussing loop decays into massless particles, which are always kinematically allowed. The
EW interactions couple pions to the charged lepton current (the SM Lagrangian is written in Eq. (G.2)
in Appendix . As a result leptonic DM with the interactions of Eq. (11.30) acquires at one loop a
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Figure 11.4: DM with lepton number coupled to um: kinematical thresholds for most dangerous
decays. A * denotes a virtual particle, and thereby a I'/M suppression. We here neglected the mass
difference between charged and neutral pions.

negligible mass mixing between DM and neutrinosﬂ and a mixed magnetic moment with neutrinosﬁ
2
GrAGep
(4m)?

A precise estimate is not possible, as the exact loop integral is dominated by momenta around the
QCD scale where all resonances contribute. The resulting DM decay rates are

Leg = Ae()ZO'M,,V)FMV with A= (mgCXR + AQCDCxL)‘ (11.33)

I'(DM — vy) =

2A2M3 1 M3 A 2
eav <C’<L+Cme‘/ QCD) . (11.34)

or "~ Tyrnd Gr

Let us now discuss tree-level decays. They can a) dominate over loop decays if DM — /{7 is
kinematically open, or b) be comparable to loop decays if one of the two SM particles needs to be
off-shell to kinematically open the decay, or ¢) be negligible compared to loop decays if both £*7* need
to be off-shell. Let us discuss in more detail the case of DM coupled to ¢ = 1 as a concrete example.
Fig.[11.4 shows the main kinematical regimes. In the co-stability range, namely

34MeV =m; —my, < M < my +m, = 245MeV, (11.35)

all tree-level decays among x, 7, 1 are closed. DM heavier than m, + m,, decays at tree level as x —
pEnT. One of these particles must be off shell if the DM mass M is in the range my, < M < mz+my,
suppressing the DM tree-level decay rate by a €, ex ~ 10~'7 factor. Furthermore, m — p*y — evel/yX
decays are suppressed by €, ~ 1071, and p — 7y = el decays by e; ~ 107, So the bounds
BR(m — ux) <1077 are easily satisfied. If m; —m, < M < m, (in green in Fig., the tree-level
X — p*m* decay rate is suppressed by ere, ~ 10733 as both p and 7 must be off-shell. However, in
this case, loop decays dominate.

Now, Fig.[11.5] shows the life-time of DM coupled to left-handed (left panel) and right-handed
(right panel) leptons ¢ and quarks. We fix a reference value for Cyr and C,, equal to 4G/ V2. The
solid curve in the left panel is the contribution from tree-level decays y — vy7’. For M < m., this
channel is kinematically closed and therefore the relevant contribution is into vy via the off-shell

3In the pion effective theory the mass mixing p xv + h.c. is UV-divergent and estimated as

Cyrfemegs A7 me Cyr
xR fxmueg UV meV T &x

(47 Mw)? m, Gp '

o~ (11.32)
The UV cut-off has been estimated as Afy ~ Mg /(47)2. Indeed, in the high-energy theory above the QCD and EW
scales, the analogous effect is a log RG mixing between two dimension 6 operators: Eq. at two loop induces
xLHHYH, so oW~ Cva3y4yuydg§ (47r)4. The extra HH' and thereby y.ya terms appear because, in the full theory, DM
is coupled to right-handed quarks.

4Above the QCD and EW scales, the analogous effect is negligible: the dimension-6 operator of Eq. induces
at 2 loops the operator (Yo, LH)B**HH'.
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Figure 11.5: Life time of DM y coupled to a lepton ¢ and to quarks. Left: DM coupled to left-handed
leptons with coupling Cy, = 4GF/ V2. The dashed curve is the contribution from DM loop decays
into v4y; the continuous curve is the contribution from tree-level decays into v,7% — v,7y. Right: DM
coupled to right-handed leptons with coupling Cyr = 4Gr/ V2. Curves can be rescaled for different
couplings taking into account that life-times scale as 1/ C;%L,x r» While the bounds from cosmological
DM stability and from CMB do not depend on DM couplings, and are discussed in the text.

mo. The dashed curve is the contribution from DM loop decays x — vy which is independent on
the lepton mass, as shown in Eq. , and is the dominant decay channel for M < 2 MeV. In
the right-panel of the same figure, the solid curves indicate the contributions from tree-level decays,
X — ¢m. These predictions depend on the leptons (blue, red and green are for e, y and T respectively)
and the different features are due to the kinematical thresholds as discussed in details above. The
dashed curves show the contribution from DM loop decays into vy7y, which depend on the lepton mass
since we need a mass insertion to flip the chirality of the lepton (see Eq. . For a given lepton
the loop decay is dominant at M < my + m, and therefore the co-stability regime is not important
from the phenomenological point of view.

For life-times longer than the age of the Universe, limits from PLANCK and VOYAGER II apply.
These bounds are shown as grey areas in the figure. For DM coupled to left-handed leptons, since
there is always a neutrino that does not release energy into the plasma, we rescale the PLANCK bound
for the channel DM — ~~ given in fig. 7 of [373]. In particular for M > 2 MeV we rescale the limit
by a factor 2/3 (the final state is vy for both on- and off-shell (), while for lighter DM by a factor
1/2 since the loop decay into vyy dominates. The bound is more complicated for DM coupled to
right-handed leptons. For M < my + m,; the dominant channel is into vy, so we follow the same
procedure described above. For M > my + m, the final state after the decay of the pion and lepton
always involves a e~ e pair with a given number of neutrinos (3, 5 and 7 for e, p and 7 respectively).
We use the PLANCK and VOYAGER II limits given in [367,368] for the decay channel y — eTe™
rescaling them by a factor 2/5, 2/7 and 2/9 for e, u and 7 respectively. This is a good approximation
for PLANCK, since the deposited energy matters, while for VOYAGER II this is a rough approximation
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Figure 11.6: Assuming DM coupled to ¢, we list the main processes that change by one unit the DM

number. Their contribution to cosmological DM freeze-out is controlled by the exponent § = A/M,

plotted in the figure. Standard DM annihilations correspond to exponent § = 1, and more efficient
scatterings correspond to § < 1.

given that the energy spectrum of the e changes dramatically as we have a chain of multiple decays.

11.3.3 DM thermal decays

In the following discussion we will neglect scatterings that involve two DM particles, as their cross
sections o9 arise at second order in the small new physics couplings C' of Eq. . On the other
hand, 2 <> 2 scatterings that change DM number by one unit arise at first order, by combining the
C x{m interaction with either

e an electro-magnetic interaction with coupling e ~ 0.3, adding an extra v to the process; or

e a strong interaction with coupling ~ m./fr ~ 1 (see Eq.(11.31), the SM pion Lagrangian
contains no 7 interactions), adding an extra massive 7 to the process.

These processes have a larger cross section o1 > o9, that needs a much smaller critical value o7 >
of" to affect DM cosmological freeze-out, if their kinematical factors A that control the Boltzmann
suppression are smaller than the DM mass M. The most important processes are shown in Fig.[11.6]
It shows that some off-shell decays can be less Boltzmann suppressed than DM annihilations, but only
when M > my, so that tree-level DM decays are not suppressed by two off-shell factors.

In conclusion, Fig.[T1.7shows the final result. In its left panel, we report the thermal decay rates
as function of z = M /T as expected the process with smallest § (xy <+ mu in the example) dominates
at low temperature. The green curves in the right panel show the coupling needed to reproduce the
cosmological DM abundance as freeze-out via thermal decays (one curve is the numerical result, one
nearby curve is the analytic approximation). It shows that DM interactions to pum needs to be a few

order of magnitude stronger than weak interactions. As expected, freeze-out is excluded by too fast
DM decays [367,368] (red curve).

11.3.4 Collider bounds

Let us discuss collider bounds on the effective (xv,¢)(gy*p) interaction. We find that the strongest
constraints are set by the ATLAS analysis in |374], which perform a search for a heavy charged boson
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Figure 11.7: Dark Matter as a fermion coupled to u*7F. Left: rates of main thermal decays compared

to the Hubble rate. As expected, xy <> mu dominates at T' < M. Right: parameter space (mass,

coupling). The red region is excluded by DM decays at tree (dashed) or loop (continuous) level,

estimated as in Eq. . The blue region is excluded by collider data in any reasonable EW

extension of the model. The DM abundance is reproduced thermally along the upper green curve, or
as freeze-in below the lower green curve.

in events with a charged lepton and missing transverse momentum. In order to derive the bound,
we have performed a recast of the ATLAS analysis. In particular, we have considered the reported
bounds from the model-independent analysis in the muon channel, based on cuts on the variable myp,
defined as my = [2ph ER(1 — cos ¢(p, E3))]Y/2. In order to identify the fiducial region, we have
implemented the following cuts:

ph > 55GeV | |, <25, EIiss > 55 GeV mp > 110 GeV . (11.36)

We thus considered the model where a LQ, with mass Mp,.q > /s, mediates the effective interaction
in eq. (11.30)), obtaining the constraint:

Cyr

4Gp/V2

This result also excludes thermal freeze-out, and is plotted as a blue curve in Fig. (11.7). Calculations
have been made with MADGRAPH [375].

<81-107*. (11.37)

11.3.5 DM relic abundance via freeze-in

As clear from Fig. (11.7]), while freeze-out is excluded, freeze-in is allowed. Three different regimes are
possible, depending on the highest reheating temperature Try attained by the SM plasma:

i) At T'< Aqep, i.e. in the confined phase, DM interacts with pions according to Eq. (11.31]). The
dimension-5 interaction with right-handed leptons contributes to the DM freeze-in abundance



11.4. FLAVOUR EXPECTATIONS FOR DM COUPLINGS AND THE B ANOMALIES 169

as Y ~ eQC’f< R f2Mp T: the DM abundance is dominated by the maximal temperature TRy.
The minimal amount of freeze-in (upper boundary of the green region in Fig.[11.7b) arises if
Tru =~ M. This confined contribution alone allows to reproduce the DM abundance for C, g ~

\/TO/MMp]/efSF/2 ~ 107°Gp, nearly compatible with DM stability for M < m, + m,. For the
renormalizable interaction with left-handed leptons, freeze-in happens around 7' ~ M, and the
abundance Y ~ eQC’f< I f2B3Mp)/M is independent of Try. The pion description breaks down
at T' ~ Aqcp when the QCD phase transition happens.

ii) At temperatures above the QCD phase transition and below the mass of the mediator Mg,
namely in the region Aqcp ST < Mmed, we have a higher Y ~ C)QCRMPIT 3. This is again
dominated by the highest temperature 7' min(TRu, Mmed), where Mpeq < C’; é/ 2,

iii) Finally, at temperatures above the mediator mass, DM has renormalizable interactions and
freeze-in is dominated at T' ~ My,eq. The dimension-less DM coupling to the mediator must be
small, in order not to over-produce DM. Other interactions (such as gauge interactions with SM
particles) can be large and keep the mediator in thermal equilibrium, so that the freeze-in DM
abundance is produced by its decays. In Boltzmann approximation, the space-time density of
mediator decays into DM is

€q
med K2 (Mmed/T

K1 (M, T d

Yeq = 1 D)

where I'jeq is the mediator partial decay width into DM, and d,eq is its number of degrees of

freedomﬂ Inserting veq in Eq. (11.18) gives

. 405 \/gMPldmedFmed

Yo = (11.39)
3/2
1679/2d52 M2

2
If the mediator is the U leptoquark one has I'jjeq = %‘Zf;‘ed and dyeq = 18, and the DM abundance is

matched for
M e
g~ 221071, | GV ot (11.40)

We remind that the coefficients C of the effective Lagrangian depend also on other couplings of the
mediator. We now explore the possible flavour structure of these couplings, to see if some natural
explanation can be found for the small size of g,.

11.4 Flavour expectations for DM couplings and the B anomalies

The fact that a leptoquark such as U, could mediate at the same time the semi-leptonic interactions
responsible for the B-physics anomalies, and the interactions responsible for DM freeze-in, although

SWe can neglect scattering rates because suppressed by extra powers of couplings, such as ga. At T >> Mpyeq the
decay rate is suppressed by a Lorentz factor T'/M,eq compared to the scattering rates veq ~ g%giT4. This enhancement
of scattering rates is not important for the final DM abundance, because it is dominated at T' ~ Mmeq. Furthermore this
enhancement can be partially included as a NLO contribution to the decay rate, describing it as the thermal contribution
to the mediator mass, SM2_4 ~ g2T?. The thermal mass avoid an apparent IR-enhancement at T' 3> Myeq of t-channel
scattering rates, that would anyhow cancel with loop corrections in a full NLO computation (KNL theorem, see [376{377]
for a similar computation).
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with couplings of different sizes, makes it interesting to speculate about a common origin of the two
processes.

The B-physics anomalies can be explained, compatibly with other bounds from flavour and collider
physics, in models where new physics couples dominantly to the third generation of fermions [246)
378-380]. Couplings to lighter generations of quarks and leptons then arise from the flavour rotations
that diagonalize the Yukawa interactions, and are suppressed similarly to the masses and mixings of
light fermions. This can applied to vector leptoquarks assuming that only 3rd-generation fermions
are charged under an extended Pati-Salam group [381-383]. In the left-handed quark sector these
rotations are of the order of the CKM matrix.

Given the tiny values of the coupling g, needed to reproduce the cosmological DM abundance via
freeze-in, for DM masses in the MeV range, it is then natural to consider the DM yx as a right-handed
neutral lepton of the first family. Other generations of y, with larger couplings to SM, can be so heavy
that they decay back fast to SM particles, without contributing to DM.

We parametrize the SM Yukawa couplings as

Y, ~ e €u;, Y, ~€q,€q;, Y ~epce;, (11.41)

where €y, are small parameters carrying the flavour suppression of the couplings to the i-th family of
f={Q,u,d, L, e}, and the relations hold up to O(1) factors. Here and in subsequent estimates we also
ignore an overall coupling, assumed to be of order one. Such a pattern of Yukawa couplings is easily
obtained in Froggatt-Nielsen scenarios [384], or in models with partial composite fermions [385-387].
More stringent relations between the 630 can be obtained in models with a larger flavour symmetry,
such as Minimal Flavour Violation [133}388,389] or U(2) models [135,1390], as mentioned in Chapter
6l

The values of €g 4 can be estimated from the CKM mixings and the quark masses. Indeed,

VéJKM ~ 6Qi/€Qj7 €Q;€u; ~ (yu7 ycayt)a €Q;€d; = (yd7y57yb)7 (1142)

from which one gets
eg ~ (X307, 1) 1, ew ~ (AN ), T e~ (AL NNt (11.43)

where A ~ 0.2 is the Cabibbo angle, and 7, is an overall O(1) parameter. The parameters in the lepton
sector can not be estimated as easily at this level, since the neutrino mixings are not necessarily directly
related to the Yukawa couplings.

We can now make the assumption that the flavour structure of the new physics couplings is
determined by the same flavour parameters that control the SM Yukawas. Let us focus on the case
of the vector leptoquark U ~ (3,1)y/3 for definiteness. The couplings of U to fermions are defined in
Eq. . In terms of the flavour spurions e those couplings read

97 = €€, gp = €d;€e;, gy A €u€xs (11.44)
where we have introduced an additional (small) parameter €, that controls the DM couplings.

The exchange of a vector leptoquark contributes to semi-leptonic left-handed interactions via the
couplings gr,. These couplings can thus be partially determined by fitting the b — s¢¢ anomalies [246].
The contribution to the Wilson coefficient of the semi-leptonic operator (bpy*sr)(firy, kL) reads

32,22

ACH = ~ACY, = LI ~ ViV,
u

2
Nq€L2€Lo

—_— 11.45
s (11.45)
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which fits the observed deviations if (e Lz)%é /M ~ (6 TeV)™2. For My ~ TeV the muon couplings
can be e, ~ 0(0.1). The first-generation coupling is required to be small, €, < €r,, in order to
suppress new physics effects in b — sete™. The right-handed couplings €. are then related to the
charged lepton Yukawa couplings, €, €, ~ (Ye, Yu, yr), and one has

€e, > 1074, €e, ~ few x 1073, €ey ~ 1072, (11.46)

where we assumed €7, < O(1072) (an order of magnitude smaller than the muon coupling) and ey, ~ 1.

Notice that all the right-handed mixings €, 4. estimated above are smaller than the left-handed
ones €q.1, (except for the case of the electron where no hint on the size of €y, exists). In particular,
this is consistent with the observation of sizable LQ-induced effects in left-handed currents, but the
absence of large right-handed currents.

Finally, reproducing the cosmological DM abundance via freeze-in as in Eq. fixes the LQ
coupling to DM, and in turn €, ~ gy/€,. Two limiting scenarios can be envisaged, depending on
which up-quark flavour couples dominantly to DM. If the dominant decay is with the top quark, given
the hierarchy of Eq. , for M > 10keV and My ~ TeV one needs ¢, < 1078, much smaller than
the corresponding electron spurion. If instead y couples dominantly to the first family of quarks, due
to the additional €,, suppression one gets €, ~ 10~°, which is comparable to the analogous factor
for electrons. The latter scenario could be motivated if x is identified with the first-family member
of a flavour triplet of right-handed neutrinos x*: in this case its dominant coupling can be to other
first-family fermions if flavour violation is suppressed in the right-handed sector, as is the case for
instance in MFV or U(2) models.

We finally discuss why the Higgs doublet H, unlike the leptoquark U, cannot generate DM via
freeze-in. The Higgs doublet too can couple to DM as

yl H*Lx (11.47)
where we estimate the Yukawa coupling as y; ~ ey€r,;. Thus Higgs decays h — vpx can in principle
contribute to DM freeze-in production. However DM dominantly produced in this way is excluded,
because Eq. ((11.47]) implies a too large mixing of DM with neutrinos, 6; ~ y;'(v /M. This is problematic
because it gives a contribution to neutrino masses and, more importantly, because it contributes to

DM decays as
4 2
9aG2LM® , 1 Y M \?
F(ix = viy) = ———F0; = . (11.48)

25674 1T 10%sec \ 1010 keV

Higgs freeze-in instead needs a Yukawa coupling y, ~ 7 x 10~8,/keV /M, which is slightly larger for
masses M 2 few eV. In fact, ad-hoc scalar coupled to two DM particles was introduced in [391] to
achieve freeze-in: we have shown that this role can be played by the vector leptoquark motivated by
flavour anomalies, as its Uuy couplings do not directly induce DM decay.

In any case, we need to assume that y, is small enough so that Eq. is satisfied and the
Higgs plays no role in freeze-in. In this case, the corrections to neutrino masses do not exceed the
experimental values and do not impose further constraints. We point out that the required Yukawa
coupling is smaller than the naive expectation y, ~ €yer even in the case where flavour violation is
suppressed in the lepton sector and the dominant coupling is to electrons. The need for small mixings
between left- and right-handed neutrinos is a common issue in models where the leptoquarks arise from
partial unification at the TeV scale, and most likely requires a more complex neutrino sector [382,383].
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11.5 Direct Detection signals

DD experiments are sensitive to DM scattering with light degrees of freedom such as light quarks,
gluons and electrons. We consider DM that interacts with SM leptons and quarks as described by
Eq. , and in particular on the first two 4-fermion interactions. After matching the interaction
Lagrangian to the nucleon level, DM charged- and neutral-current interactions with nucleons arise. We
now briefly discuss the novel signatures in DD and ID searches of DM induced by these interactions.
We anticipate that, although these signatures are potentially interesting, the effective scale of the
dimension 6 operators in Eq. must be large to avoid bounds from DM decay as shown in
Fig.[I1.5] Therefore, one generally expects the signals to be much below the experimental sensitivities
— with a few notable exceptions that we discuss.

Concerning charged currents, the leading order amplitudes are obtained from the (axial) vector
interaction with right-handed leptons

1
#p) : (11.49)

Cur (vuen) (17"
where g4 =~ 1.27 [392], and the scalar interaction with left-handed leptons (xer,) (np), with a coefficient
proportional to C . Both these interactions lead to a DM-induced  decay. At the nuclear level, the
relevant process is the S~ transition DM —|—‘§ N—=e +, +‘? N, which is energetically possible if the DM
mass is larger than the capture threshold @ +me, where Q = ma, z41 —ma 7z is the mass difference of
the two nuclei. Following [393] the thermally averaged cross section arising from the charged current
operator is
M’

167
where f(ER) is a function of the detected energy that encapsulates the nuclear details of the 5~
transition. For light DM particles with kinetic energies much less than § = M — (m. + @), the
spectrum of recoiling electrons exhibits a peak at Er ~ §. The left panel of Fig.[I1.8 compares the
estimated sensitivities of current direct detection experiments, taken from [393], with bounds from
DM decays and from colliders.

One could wonder whether there is a possibility to explain the anomalous counting rate of electro-
magnetic recoils in the XENON1T detector peaked around 3 keV [394]. Considering Xenon as target,
the process DM +5i‘ Xe — 6_5‘ng can have capture thresholds as low as a few hundreds keV: in partic-
ular, the '3} Xe isotope has an abundance of about 21% and a capture threshold of only 355 keV [395].
One therefore can have a signal peaked at Er ~ 3keV if the DM massis M ~ (m.+Q)+Er ~ 358 keV.
This needs some tuning among the electron and DM masses, and a slightly larger M would give a peak
in the few hundreds of keV range. We show the best fit to the XENON1T data in the right panel of
Fig. obtained using the rate reported in [393]. Assuming local DM density ps = 0.4 GeV/cm?,
the anomaly can be fitted for values of the DM coupling Cy g &~ 1/(1.7 TeV)?2. For this value of the cou-
pling to right-handed electrons, the loop-induced decay rate into v,y gives a DM life-time 7 ~ 10%*s,
around the experimental bound from PLANCK, as shown in the left panel of Fig.[11.8] However, collider
searches in the lepton plus missing energy final state constrain C\ g to be a factor three smaller and
rule out this possibility. A similar coupling to left-handed electrons is instead largely excluded by DM
decays. The XENON signal can thus not be explained in our framework, but future experiments will
have the sensitivity to probe a parameter space relevant for DM freeze-in via coupling to right-handed
leptons, provided that the reheating temperature is low, namely Trg ~ Aqcp-

Furthermore a novel specific signature from the 13Cs decay arises. Indeed, following the analysis
done in [395] for solar neutrino capture in LXe, one could detect DM with lepton number by using a

f(ER) (11.50)

{ov) =
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Figure 11.8: Left: Estimated experimental sensitivities for the DM absorption cross section

(from [393]), compared to the indirect detection bound on DM life-time (these are stronger than

in [393], where the dominant QCD contribution to xy — v was not considered) and to collider bounds

(red line). The magenta star shows the parameters that can fit the XENON1IT excess. Right: Best
fit to the XENON1T electron-recoil data from DM absorption on '3'Xe.

delayed coincidence signature from long-lived states of 1§’§CS.
Concerning neutral currents, DM couplings to left-handed leptons induce an interaction with nu-
cleons N described at leading order by the scalar operators

(xve)(mn)  and  (xvL)(Pp)- (11.51)

This is spin-independent and leads to a sort of exothermic DM-nucleus collision DMN — v N with
mass splitting 6 = M — m, ~ M. For light DM particles with kinetic energies much less than the
splitting, exothermic spectra exhibit a peak at nuclear recoil energy Er = 6 M/(2my) ~ M?/(2my),
where my is the mass of the target nucleus. Hence, for Xenon target we expect detectable nuclear
recoil in the keV range when the DM mass is around 20 MeV. It is worth noticing that the window of
DM masses probed in such scenario is much smaller than the one achieved with standard DM-nucleus
collisions. However, the spectrum is analogous to the one of exothermic collisions and therefore we
cannot discriminate further among them.

DM absorption signals have been studied previously in [393]. However, when discussing neutral
currents these authors considered a (yvr)(gq) effective interaction involving v (rather than vy or ¢)
in order to avoid too fast DM decay x — vgr7y. Since vi has no SM gauge interactions their signals are
equivalent to those of inelastic DM with two states x, x” and a (xx')(7q) interaction. When discussing
charged currents [393] considers our same (y/)(du) interaction, but does not include the DM decay
channel x — vy mediated by QCD states at one loop. We report in the left panel of Fig.[I1.§| the
projected constraints for the DM-induced 5~ signals taken from [393|. One can see that, while DM
coupled to right-handed electrons can give observable signals in various experiments, for DM coupled
to left-handed leptons the signals compatible with DM life-time are always below the experimental
sensitivity.

11.6 Indirect Detection signals and the 3.5 keV anomaly

DM decays provide ID signals: the constraints on tree-level and loop-induced DM decay from PLANCK
and VOYAGER have already been discussed in Subsection[I1.3.2] As these constraints can be saturated,



174 CHAPTER 11. THERMAL DECAYS OF DM WITH LEPTOQUARKS

signals from DM decays are detectable.

In particular, the unidentified X-ray emission line claimed at 3.5 keV [396,[397] could be due to
DM with mass M ~ 7keV decaying as x — vy with rate I' ~ 1.4 10728 /s (see e.g. fig. 13 of [396]).
In the considered models the needed DM life-time is obtained for

e 6 1072 DM coupled to £/ = ¢
= 3107* DM coupled to £ =y . (11.52)
V2 2107 DM coupled to £ =7

CxL ~ 10~ ﬂ

or Cyr =~

For such values of the couplings the relic DM abundance can be reproduced via the freeze-in mechanism
with a low reheating temperature Try ~ Aqcp, see fig. This is a non-trivial result, as other
models where DM is a sterile neutrino can fit the 3.5 keV line, but its relic abundance cannot be
obtained via freeze-in as non-resonant oscillations: extra mechanisms are needed, such as decays
S — x x of an ad-hoc scalar S [391]. In our model on the other hand the leptoquark motivated by
flavour anomalies plays a similar role, decaying into one DM particle and one SM particle.

Concerning scatterings that could induce a gamma-ray signal, the only relevant interactions are
those that change the DM number by one. Indeed the pair-annihilation of DM particles is extremely
suppressed within the freeze-in production mechanism, namely as (Tannv) gi, and the g, coupling
is very small.

We thereby focus on further indirect detection gamma-rays signals coming from DM decay and
from scatterings that change DM number by one unit. A possible way to get a signal is to change the
DM number by one via the scatterings with highly energetic Galactic Cosmic-Ray (CR) electrons and
protons. The relevant primary channels are yet — du and yp — ne and the corresponding charge
conjugates. The spatial morphology of the induced gamma-ray signal is non-conventional and is
enhanced in regions with high density of baryons and DM. As a consequence dwarf galaxies, which are
usually considered as the cleanest laboratories in indirect detection (see the discussion in Subsection
, are not the best place to look for gamma-rays signals from DM with lepton number. The
energy spectrum is similar to the one from standard pair-annihilation with the difference that the
total energy is not 4M? but (M + ECR)2 with Ecgr the energy of Galactic CR. The cross section of
highly energetic Galactic CR electrons and protons scattering off non-relativistic DM is

C 2(M+E.,\?
2 2 _ —10 xL(R) e,p
o~ CXL(R) (M+E.p)” =53x10""pb <10_4GF> ( GV ) . (11.53)

The highest C, 1) ~ 10~*Gr allowed by DM stability and consistent with the freeze-in mechanism
with low reheating temperature Try ~ Aqcp is obtained for very light DM. Hence we predict o S
10~%pb (Eep/ GeV)?2, which gives a flux too low to be detected by any indirect detection experiments.

11.7 Flavour models with multiple DM and freeze-out

Throughout this Chapter we considered minimal models with only one DM particle and we could not
reproduce its cosmological abundance from freeze-out via thermal decays, compatibly with bounds on
the DM lifetime, 7> 10%¢ s, although we found viable models assuming DM freeze-in. Let us now
briefly show how these bounds on the DM lifetime can be easily satisfied in the presence of two or
more DM states x;. Note that this is to be contrasted to the DM models in which a cosmologically
short-lived state freezes out due to pair annihilations and later decays to one or more SM states plus
a cosmologically long-lived (so-called super-WIMP) DM state, discussed for instance in [398,399]. In
this case, in fact, DM decays are slower than the Hubble time and play no role in fixing the initial
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DM freeze-out abundance. On the contrary, they only enter later reducing it by the ratio of the two
masses in the dark sector. This ”freeze-out and decay” scenario can be extended to freeze-out via
thermal decays, but it contains out-of-equilibrium elements. For this reason, we prefer here to focus
on strict freeze-out scenario.

There can be precise flavour considerations that justify the possibility of multiple DM states and
the extension of our model to two or more DM states ;. For example, in the models with extra
vectors such as Eq. one would naturally expect three generations of DM singlets x123. To
keep the discussion simple and general, we can summarize the results about the decay rate of one DM
particle as

GZLM*

FDM ~ GSMEDMM where EDM 02M4, ESM (ZTT)AL (11.54)
esm ~ 10718 is a typical electroweak loop factor at the DM mass M < GeV. If C ~ G, as needed to
have thermal freeze-out at M ~ GeV, the two € suppression do not give a stable enough DM (while
freeze-in needs C' < G, improving DM stability).

Stable enough DM is obtained, instead, in the presence of two states, y; and Yy, with mass
M2 < GeV (arising, for example, as my + m,) and effective interactions of the type

Cpum, (X10)(du) + Cpwm, (X20) (du) + Com,, (X1x2) (79)- (11.55)

Notice that we have not imposed any Zo symmetry that keeps the dark sector separated from the SM
sector. We next assume that Cpyp, is negligibly small, and that masses M; < Mas are in the range
such that yo — ¢m decays are kinematically closed, while xo — y17° decays are kinematically open
(we make this latter assumption just for simplicity, as we could relax it and use x2 — x177y decays).
Then the decay widths are

F*
DM
I'pbm, ~ epm, Mo, I'pm, ~ DMz 37— 2 My ~ esméeDM, DM, M (11.56)
2

where epy,, ~ %MHM{{Q. The smallness of Cpyy,, at a level that saturates the decay width I'py,
above, could be motivated by flavour considerations (for instance a very precise flavour alignment
in the right-handed lepton sector, if x carry lepton flavour number). Quantum effects respect this
requirement. Assuming now that Cpy, ~ Cpwm,y, ~ Gr or even larger depending on the masses, we
have, at the same time:

i) Very long lived x; DM, that satisfies bounds on the DM life-time;
ii) Cosmologically fast decays of x2, so that it does not pose cosmological problems;
iii) Thermal freeze-out via x1 <> x2 <> SM scatterings at finite temperature.

Although not necessary, DM stability can be improved by an extra epy,, factor adding a third gener-
ation xs and repeating the above structure: each mediation step can give one extra e suppression at
zero temperature, while rates at finite temperature can reach thermal equilibrium, I' ~ H at T' ~ M,
if Cpm ~ Gr.
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Chapter 12

Conclusions

Flavour Physics has been and continues to be a fundamental guideline for research activities in the-
oretical particle physics. At present, the tensions in the exclusive and inclusive determinations of
the CKM matrix elements |V,| and (although more slightly) |V,,;| and the discrepancies between the
theoretical expectations and the measurements of the R(D™)) and the R(K*)) ratios have clearly
indicated a possible path to look for effects of New Physics. In fact, two are the possibilities in order
to solve these anomalies. On the one hand, one can review the theoretical computations within the SM
and compute the flavour observables without introducing any kind of approximation. This can bring
us to an appropriate and truthful estimation of the mean values and (especially) the uncertainties of
such quantities, thus reducing the aforementioned tensions. On the other hand, one can state that
there is New Physics that can explain these discrepancies, pointing towards the existence of BSM
effects affecting B-physics.

This PhD thesis tries first of all to explore both these paths, by giving an overall picture of the
state-of-the-art of the AB = 1 transitions and novel improvements.

In Part [l we have focused our attention on the semileptonic charged-current B decays, with partic-
ular attention given to the B — D®) /v transitions. These processes have received increasing attention
in the recent years since they give the possibility of both determining an exclusive estimate of the
CKM matrix element |V,| and testing LFU through the determination of the R(D™)) ratios. Since
these decays occur at tree-level through the exchange of a W-boson, when computing their differential
decay widths one has to properly take into account the hadronic matrix element. It is expressed in
terms of complicated functions of the quadratic transferred momentum, i.e. the Form Factors, which
encode all the informations about the strong dynamics of quarks. Our proposal to analyse the FFs
and, more in general, the semileptonic charged-current B decays brings to new determinations of the
exclusive value of | V| and the ratio R(D*) which are compatible at the 1o level with the corresponding
inclusive value and at the ~ 1.50 level with the corresponding average of measurements, respectively.
Let us summarize this in detail.

In Chapter[3|we have introduced a novel method to describe the FFs in the whole kinematical range,
starting from the available LQCD computations of the same quantities at high momentum transfer.
This is the Dispersive Matriz Method. In these summary remarks, I think that it is important to recall
and highlight its main and most important properties. As we have seen, it is entirely based on first
principles, namely unitarity, analiticity and crossing-symmetry, and uses only non-perturbative inputs,
i.e. the LQCD evaluation of 2- and 3-point Euclidean correlators. It is completely model-independent,
since it is independent of any assumption on the functional dependence of the FFs on the momentum
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transfer. Furthermore, it allows us to keep theoretical calculations and experimental data separated.
Finally, it is also universal, in other words it can be applied to any exclusive semileptonic decays of
mesons and baryons. The DMM constitutes an important theoretical improvement in the descritpion
of the hadronic FF's since, contrarily to the well-known CLN, BCL and BGL parametrizations, it does
not rely on any power series expansion of the FFs and on any perturbative input. Moreover, it does
not use any approximate symmetry, such as Heavy Quark Effective Theory.

In Chapters [4] and [5] we have applied for the first time the DMM to semileptonic charged-current
B decays. We have started by taking into consideration the B — D®)fy transitions. Our main result
is that for the first time we have obtained both an exclusive estimate of |V| from the B — D*
channel which is compatible with the inclusive value and a theoretical expectation of R(D*) which is
compatible with the corresponding experimental average by the HFLAV Collaboration. This result
can be attributed both to the use of the DMM and to the avoiding of a mixing between the LQCD
computations of the FFs and experimental measurements of the differential decay widths. Given the
universality of the DMM, we have extended our study also to the By — Dg*)ﬂl/, the B — wfv and
the By — K /v decays. On the one hand, the first ones are particularly relevant since they allow both
to obtain further exclusive estimates of |V| and to test possible SU(3)p symmetry breaking effects
affecting semileptonic B decays. On the other hand, the other ones give the opportunity to obtain new
exclusive estimates of |V,;|. For what concerns our final determinations of the CKM matrix elements,
we have discussed the compatibility of the DMM determinations of {|Ve|, |Vup|} with the ones coming
from the last UTfit analysis 2022. This is very important since the UTfit predictions are based on
the Unitarity Triangle Analysis, which determines precisely the SM parameters of the flavour sector
in a way that is completely independent of the LQCD and experimental data explicitly studied in
Chapters [4] and [5] and is thus an important test of the reliability of our DMM estimates. The final
result is that both the DMM and the UTfit studies point towards a value of |V| which is higher with
respect to the FLAG exclusive estimate [39] and, at the same time, compatible with the inclusive
determination [30].

In Part [[]] we have enlarged the discussion to the Beyond the Standard Model approach to Flavour
Physics. There are, in fact, several experimental evidences and theoretical arguments that point
towards the existence of an extension of the SM, which can be considered at all the effects as an
infrared theory valid only at low energies. Nevertheless, a correct and precise estimation of the SM
parameters is fundamental in order to develop NP studied since, as repeated more times throughout
this Thesis, the more precise are the theoretical estimates of these parameters, the more strongest will
be the bounds on New Physics. This is the fundamental issue that links Part [l and Part [[] to each
other.

In Chapter [6] we have firstly discussed the Effective Field Theory approach to Flavour Physics.
The EFT is particularly useful in order to study possible New Physics effects affecting low-energy
processes, such as the AB =1 and AB = 2 transitions, in a completely model-independent way. In
this sense, as stated before, Flavour Physics offers several hints of existence of Beyond the Standard
Model degrees of freedom. One of the major examples is offered, for instance, by the flavour anomalies
in semileptonic b — ¢ and b — s transitions. We have reviewed the EFT framework, and have also
noted that the approach to New Physics can be built up also starting from considerations of symmetry,
whose best examples are without any doubt offered by the Minimal Flavour Violation and the U(2)3
frameworks.

In Chapters [7] and [§] we have then focused the discussion on two explicit BSM models, i.e. the
Composite Higgs and the LeptoQuark scenarios, respectively. In the former case, we have firstly
reviewed the theoretical properties underlying the CH models. Then, we have developed an original
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application, i.e. we have determined new bounds on the masses of the fermion modes (that naturally
arise in CH scenarios) by considering the expected improvement in precision at future experiments,
namely LHCb Upgrade II and Belle II. The final result is that the combination of the bounds coming
from low-energy processes point towards a O(10 TeV) mass of these new heavy degrees of freedom. In
the latter case, we have reviewed the main properties of the L.Q scenarios together with possible UV
completions of such theories, in view of their application in the last Part. We have also reviewed the
results of the application of a simplified U}" model to explain the flavour anomalies, as presented by
the authors of [193].

One other example of the main challenges of theoretical physics is, at present, trying to explain the
origin of the Dark Matter abundance in our Universe. This is the topic of the last Part of this Thesis,
namely the Part [[T] While the existence of DM is ensured by several cosmological and astrophysical
probes, the understanding of the nature of DM is unclear. As discussed in Chapter [9 a huge effort
has been and is still being developed from the experimental point of view in order to detect possible
DM candidates. In this sense, there are basically three standard ways to look for DM particles, i.e.
direct detection searches, indirect detection ones and finally direct production at colliders. The study
of DM phenomenology can be connected to a BSM approach to Flavour Physics. At present, in fact,
several papers in literature try to find combined explainations of both the DM abundance and some
of the anomalies coming from the flavour sector, for example the R(K(*)) ones. This is exactly what
have been developed in one of the two DM models presented in this Thesis, namely the one with
LeptoQuark mediators.

To be more specific, in Chapter we have widely discussed and described the WIMP scenario.
In the spirit of Minimal Dark Matter models, we have added the minimal amount of new degrees of
freedom to the matter content of the SM, i.e. a new EW multiplet of SU(2)r. For the first time, we
have computed the thermal masses of all the multiplets allowed by the unitarity and computability
criterions, taking into consideration the effects of the Sommerfeld enhancement and of the formation of
bound states. While these effects have been previously computed in specific cases, a general treatment
was still lacking. We have then critically investigated the discovery potential of such new heavy
particles both at future muon colliders and at (in)direct detection experiments. Our conclusions
are that all the multiplets are detectable by future large exposure DD experiments, as DARWIN,
with the notable exception of the complex 2;/, candidate. This exception constitutes an important
motivation for the realization of a future muon collider since the complex doublet can be excluded by
this machine with a center of mass energy equal to 6 TeV. Muon collider with higher energies will
be also able to test larger EW multiplets, with masses close to the kinematical threshold, in various
channels such as single gauge boson emission (mono-X) or disappearing tracks. The indirect searches
are complementary to the aforementioned ways to detect DM, to be more specific they offer a parallel
opportunity to detect the heaviest multiplets. As an example, we have discussed the case of the real
7-plet at future Cherenkov telescopes, like CTA.

Finally, in Chapter we have introduced a new model of Dark Matter, i.e. the one based on
its thermal decays. This model is innovative with respect to the usual scenario since it hypotheses
interactions between DM and SM particles in which the DM number changes only by one unit. Very
strong bounds come from the fact that Dark Matter is not stable, which in turn requires its couplings
to be small. This scenario can be realized by introducing a vector LeptoQuark as a mediator of these
interactions. Our final result is that this class of models is able to provide a DM candidate which
is long-lived enough, and reproduce its cosmological abundance if the DM undergoes freeze-in. In
this case, it is possible to explain at the same time the observed abundance of Dark Matter and the
R(K (*)) anomalies by means of a LeptoQuark exchange. To achieve this goal, one has to introduce a
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specific flavour structure. Instead, DM freeze-out is not compatible with the bounds from DM decays.
These conclusions can be relaxed in presence of multiple DM states, which can be motivated by
flavour considerations. In this case, the DM abundance can be reproduced also through the freeze-out
mechanism.

The future will reserve important novelties for both Flavour Physics and Dark Matter phenomenol-
ogy, since lots of experimental data are going to come out in the next years. In the first case, new
important measurements of the flavour observables will be published by both the LHCb and the Belle
IT Collaborations. They will give a new insight on the theoretical analyses of low-energy processes in
flavour physics, either pointing towards the existence of New Physics in these transitions, or not. One
fundamental question is whether or not Beyond the SM effects are required in order to explain the
R(D™) and the R(K®)) anomalies. In the second case, new (in)direct detection experiments as well
as new colliders will be activated in the next decades, both closing finally the window for some DM
models and opening it for others. This will give a new insight on the scenarios that are effectively
admitted by the data and that can be further investigated, maybe in connection with flavour physics.
So, to conclude, in order to find some answers to fundamental questions of theoretical physics, there
is only one way, i.e. to ameliorate at the same time the precision of both the theoretical predictions
and the measurements. Only this possibility will allow us to better investigate NP effects affecting
Flavour Physics in the next years.
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Appendix A

Details on the polarization functions

In this Appendix we will show how to compute the two-particle and the one-particle contributions
to the imaginary parts of the polarization functions, respectively. To achieve this goal, one has to
consider all the possible two-particle and one-particle intermediate hadronic states that occur in the
completeness sum in Eq. .

Let us start with the two-particle contributions. To be as generic as possible, we are going to show
all the two-particle states composed by a B®™_meson and a D®)-meson, although the B* case has
not been considered in the main text given the phenomenological applications of the DM method to
semileptonic charged-current B decays. The matrix elements of interest can be thus classified as:

e vector current matrix elements

Vvmemp(D(pp)|V*|B(pg)) = f+(pB+pp)"+ f-(PB —PD)";

vmpmp-(D*(pp,ep)|V*|B(pg)) = ifve" e, ppapss;
vmpmp(D(pp)|V*|B*(pp,ep)) = ifype*Pepppapns; (A.1)

)
)
)
vmp-mp-(D*(pp,ep)|V¥|B*(pp,ep)) = —[filp +pp)* + fa(ps — pD)"] (¢} - €B)
X +f3(ep - pB)ey + falep - pp)ery
— [fspls + feP'pl(ep - pB)(€B - PD);

e axial current matrix elements

vmpemp-(D*(pp,ep)|A*|B(pr))
Vvmp-mp(D(pp)|A*|B*(pB, €p))
vmp=mp«(D*(pp,ep)|A*|B*(ps,€n))

fav€py = [faspp + fasppl(eh - pB);

fa e — [fa,rp + fa,pples -pp);  (A2)
i {[f(ps + pD)v

fs(pB — PD)vleBachs + [fol€h - PB)eBY
fio(es - Pp)epLIPDaPBA} S

_l’_

+
Note that the first two matrix elements of Eq. (A.1) and the first one of Eq. (A.2) are precisely the
hadronic matrix elements discussed in Chapter|3] Moreover, the normalisation of the states differs from
the Feynman one by a factor equal to the square root of the meson mass, \pM)Feynman =M |par),
because this is more convenient in the framework of the HQET. In fact, in Ref. [66] Caprini, Lellouch
and Neubert introduced the quantities h;, which are linear combinations of the FFs f; previously
defined, expressed as functions of the recoil variable w rather than of ¢? (the index i labels a generic

FF). The h; describe the decompositions (A.1)-(A.2]) in terms of the meson 4-velocities instead of the
meson 4-momenta, according to the following classification:
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e scalar FFs

1+rw—-1
BD
= hy — ———h_;
51 T l—rw+1
£ 14+rw-—1
D . o .
ST = e
. e l4+rw-—-1
D
_ h _ h A.
53 [ R T —
w—1
+ g [rhs = ha+ (1= wr)hs + (w — r)h] ;
e vector FF's
1—7r
BD _ _ :
Vi =l 1+rh_’
D
= hy— ha ;
V2 e
* 1—7r
v.B* DT — hy — h
3 w[ L 2}
1
+ T [(1 —wr)hg + (r — w)hg + (w? — 1)(rhs + he)] (A4)
VEPT = hy;
VPP = hy;
VESB*D* == h377
V7B*D* - h47
e pseudoscalar FFs
. 1
PP = [k Dha, — (1= rudha, — (0= r)hag]
+r
* 1
PP = e lr(w+ Dhy, — (= w)h, = (rw = 1hg,]; (A.5)
 Ty% 1—r
PP = hy— T8
e axial FFs
AlBD* = hA17
AQB*D = hgl,
* TY)* _1
AFD = gy — Dhos;
: hy erlhg;+(w Jhio;
ABD* _ oy, +w_1h + (w—1)hg; (A.6)
4 = ™ 95 '
* 1
AFPT = T =r)ha, = (w—1)(rha; + ha,)];
" 1
AFP = (= wnha, + (w = kg, +rhg))s
Aég*D* _ h7_1—|—rw—1

l—rw+l1 ¥
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The last classification of the FFs allows to separate different values of spin and parity quantum
numbers from each other. For simplicity, all scalar, pseudoscalar, vector and axial quantities have
been presented indicating initial and final states as superscripts, so that we can easily remember to
which process each FF refers to. At this point, a direct computation shows that the two-particle
contribution to the polarization functions can be expressed in terms of the FFs as:

e scalar channel

3 2 1/2 2 32 2
TN () Ty (+ w* —1 w+1 —1)].5;
¢ ImIlg+ 2 [w(QQ)] = B(8>7T D E (1 + 5i2)( )4 ( ) ((52 u?J‘rl)| ) (A7)
i=1

e vector channel

3
2 2 mB< )mD( %) 3/2 52’V|2
¢ Imll; - 5, [w(¢®)] = Z (14 d0i2)(w” —1) (B2 - =)
7 - 2Vl (A.8)
+ Z(wQ a 1)3/2 2 w+1 J
2 (62 — =51
e pseudoscalar channel
3 21 p. |2
m (* ym Bz | P
¢* Il ), [w(g?)] = =B LN (1 + 6i) (w? — 1)/ (7 - uy (A.9)
=1 7 2
e axial channel
4 2
2 2 m()m<) 2w—|—1) 2’14@‘
¢* Il + 9, [w(g®)] = =55 —F= [Z Y 4 (52— el
. = , ' ) (A.10)
2 2wt 1? (B = 1D)]A;]
- Z(w 1) T 5z7)—(ﬁ2 —uityr |
=5 [ 2
where the quantity (; is defined as
g; = B F Mpe) (A.11)

2. /M B(+) M (%) '
Note that the above expressions hold for a single two-particle B®)-D™) intermediate state. If there are
several, essentially degenerate, such states, differing for example by the replacement of an up with a
down quark (such as B~ - D? with BY - D™), then we have to sum up their contributions to ImIT JP 2p-

Let us pass now to the one-particle contribution of mesons to the imaginary part of the polarization
functions. In the case of the vector B} and of the pseudoscalar B. mesons the one-particle current
matrix elements are defined as

(0] A"|Be) = fB.1p,,
O V¥|BZ,A) = fp:Mpye\(pp:)  (A=1,2,3) (A.12)
with f, () being the decay constants of the aforementioned mesons, M B their masses, A the B}

polamzatlon and €y the corresponding polarization vector. The one- partlcle contributions to the po-
larization functions are then given by

q* ImIly- 1, (¢*) = n6(¢* — MB,) f3,. M5,
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q° ImHl—,lp(q2) = m6(q” — M?Bg) fJ2B;MJ2B§ : (A.13)

The generalization to possible one-particle states below the annihilation threshold in the scalar and
axial-vector channels is straightforward.



Appendix B

The BGL, BCL and CLN
parametrizations of the FF's

In this Appendix we will briefly review the main properties underlying the well-known BGL, BCL and
CLN parametrizations of the hadronic FFs.

B.1 The BGL parametrization

The parametrization introduced by Boyd, Grinstein and Lebed [61-63] relies on the same first prin-
ciples, namely unitarity and analiticity of the FF's, that are at the basis of the Dispersive Matrix
method. However, it is based on a power series expansion of the FFs in terms of the conformal
variable z introduced in the Eq. .

To be more specific, let us go back to Eq. . The important property of the quantity ® (¢, to) P(t) f ()
is that it does not have any kinematical and sub-threshold singularity. Thus, we can expand ®(¢, to)P(t) f(t)
in a set of orthonormal functions, which are proportional to powers of z(¢,ty). The consequence of
this strategy is that we can express f(t) in the semileptonic region as

1 o
ft) = POt 1) ;%%Z(tato)n, (B.1)

where the BGL coeflicients a,, have to satisfy, by construction, the unitarity condition
[e.e]
> an* < 1. (B.2)
n=0

From a practical point of view, when fitting the shape of the FFs with appropriate LQCD /experimental
data, the series present in Eq. has to be truncated. This is an important difference with respect
to the Dispersive Matrix method, which instead is independent of any truncation of the power series
expansion and, in fact, it is equivalent to the results of all possible BGL fits which satisfy unitarity
and at the same time reproduce exactly the input data.

In the Eq. we find the same basic ingredients that we have introduced for the Dispersive
Matrix approach. The first one is the kinematical function ¢(t,ty), which has a very similar structure
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to Egs. (3.45) and (4.8). In fact, one can demonstrate that these functions have the general form [63]

nr [ty —t\Y*
¢(t’t0):\/K7rx<t+—to) (\/t+—t+\/t+—to>7

b/2 —(c+3)
wa [ty —t ty —t
ot (f=n) ()

where the coefficients K, a, b and ¢ are integers that depend on the particular FF (see Table for
their values in semileptonic B — D, D* decays) and nj is a Clebsh-Gordan factor. Note that in BGL
parametrization the susceptibility x appears explicitly in the definition of the kinematical function ¢,
contrarily to what happens in the Dispersive Matrix approach. Finally, Eq. can be re-expressed
in terms of the conformal variable z by recalling the transformation .

(B.3)

Table B.1: Values of the integers present in Eq. 1D The first two form factors enter semileptonic
B — D decays, while the other four concern B — D* ones.

]Formfactor\K\a\b\c‘
f+ 48 13132
fo 161111
I 24 111111
g 9% |33 |1
F1 48 |1 11 |2
P 641331

The second ingredient present in Eq.(B.3) is the Blaschke factor, whose general form is

Piz) =[] 12 _ZZZI; (B.4)

These functions allow us to eliminate all the singularities caused by the pole states, whose masses have
been denoted with mp in the previous Equations and whose spin-parity quantum numbers have to be
the same ones of the form factor we are taking into consideration. Note that the terms in Eq.
are completely equivalent to the ones introduced in Eq. for the implementation of the Dispersive
Matrix method.

B.2 BCL parametrization

The parametrization introduced by Bourrely, Caprini and Lellouch [64] is quite similar to the BGL
one. This parametrization is often used to describe semileptonic B — 7 decays, thus we are going to
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specialize the discussion on the FF's fI,O(qQ) studied in Chapter 4. According to BCL, we can express
these FFs as

N.—-1

1 _
N,—1
BE = Y bt (B:6)
n=0

The first term in Eq. is the analogous of the Blaschke factor, which takes into account the effect
of the B*-pole. Also in the BCL case, we have to truncate the series in Eqs. — when fitting
the available LQCD /experimental data. We want to highlight again that this problem is completely
absent in the Dispersive Matrix study of the FFs since, in that case, the DM bands of the FFs are
completely equivalent to the results of all the possible BCL fits which satisfy unitarity and at the same
time reproduce exactly the input data.

Another important task is the unitarity constraint that the BCL coefficients have to satisfy, i.e.

N, N
> Binaman <1, ) Bl bmby <1 (B.7)
1,j=0 1,j=0

for the 1~ and the 0" channels, respectively. For numerical values of the B{Jr 0} coefficients, see |64}
107,/108|. Note that in these papers the authors use a perturbative evaluation of the 1~ susceptibility
in order to derive these numbers, i.e. xi- - 10* ~ 5GeV 2 [64], which is compatible with our non-
perturbative determination X?’_’ -10* = 4.45(1.16) GeV 2, that will be presented in Appendix @

B.3 CLN parametrization

The last possibility that we will finally investigate is the parametrization proposed by Caprini, Lellouch
and Neubert [65,/66]. The main feature of this method is the usage of the Heavy Quark Effective Theory
(HQET) in order to derive useful relations between the hadronic FFs.

By defining the function (here the subscript j refers to a particular spin-parity channel)

fi(2) = (1, to) P (1) Fy(2), (B.8)
which is analytic inside the unitary disc, and recalling again Eq.(3.34)), we have that

1 2

£ (10Y]2
o ), cw;m(e <1, (B.9)

where we have put z = €. We can then expand the functions f](z) present in Eq. so that

ZZ| (0)]? <1, (B.10)

7 n=0

where fj(n) (0) indicates the n-th derivative of f;(2) with respect to the variable z, then evaluated at
z=0.
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At this point, one can relate the derivatives of the form factors at z = 0 to the ones computed
with respect to the recoil variable w and then evaluated at w = wg, where wg satisfies the relation

z(wp) = 0. To this end, one can easily show from Egs. (3.11)) and (3.37) that

e e
_\/w—i-l—i-\/i,

or equivalently, by inverting the Eq. (B.11]),

w(z):2<1+2>2—1. (B.12)

(B.11)

1—2z

It is straightforward that wy = 1. By way of example, let us take into consideration the FF V;(w)
(that has been defined in Appendix , then we get

OVi(w(2))l=0 = —8piVa(1),
EVi(w(2))l=0 = (128c1 —32p7)Va(1),
BVi(w(z))-=0 = (3072dy + 1536¢) — 144p7)Vi(1),

The parameters p?, c; and dj entering the previous expressions are defined by the expansion
Vi(w) =Vi(1) [1 - piw —1) +er(w—1)* + di(w —1)° + .. ]. (B.13)

At this point, we note that in the HQET all the FFs Fj(w) become identically equal to the Isgur-
Wise function &(w) [400] in the semileptonic region. In order to incorporate corrections to that limit
Caprini, Lellouch and Neubert choose the form factor Vj(w) as a reference and express the expansion
parameters of all the other form factors in terms of the expansion parameters p?, ¢; and d; that we
have just defined. Their choice is motivated by the fact that V;j(w) is the physical form factor which
describes the semileptonic decay B — D{v. Hence, we can write the ratios R;(w) as

Fj(w)
Vi(w)

Rj(w) = =A; [1+Bj(w—1)+Cj(w—1)*+ D;j(w—1)*+...], (B.14)
where the expansion parameters A;, B;, C;j and D, are computed by including the leading perturbative
and 1/my, corrections, where m; is the bottom mass (see Figure ) Now, for phenomenological
applications it is necessary to compute the zero-recoil expansions of the ratios R;(w). To achieve
this goal, Caprini, Lellouch and Neubert have studied the behaviour of the inequality (B.10]) for the
form factor V4 (w) after the inclusion of firstly two and secondly three derivatives. They also express
Vi(w(z)) as a power series in z (rather than in (w — 1)) in order to improve the convergence rate of
the series. The result of this analysis is that the relation (B.13])) becomes

Vi(w(z

Viw(z) g 8ptz + (51p? — 10)2% — (252p? — 84)23, (B.15)

Vi(1)

where the authors do not include higher-order terms as they are confident that the third-order results
provide an adequate representation of the form factor over the entire kinematical region accessible in
semileptonic decays.
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Fi| A B; C, D;
51 [1.0208|—0.0436| 0.0201|—0.0105
S5 [1.0208|—0.0749|—0.0846| 0.0418
S3[1.0208| 0.0710|—0.1903| 0.0947
Py |1.2089|—0.2164| 0.0026|—0.0007
P»[0.8938|—0.0949| 0.0034|—0.0009
P;[1.0544|—0.2490| 0.0030|—0.0008
Vi 1 0 0 0
V2 |1.0894(—0.2251| 0.0000| 0.0000
Vs [1.1777|—0.2651| 0.0000| 0.0000
Vi |1.2351|—0.1492|—0.0012| 0.0003
V5 |1.0399|—0.0440| —0.0014| 0.0004
Ve [1.5808| —0.1835| —0.0009| 0.0003
Vi [1.3856|—0.1821|—0.0011| 0.0003
A10.9656—0.0704|—0.0580| 0.0276
A2|0.9656|—0.0280|—0.0074| 0.0023
A3|0.9656|—0.0629| —0.0969| 0.0470
A4|0.9656—0.0009| —0.1475| 0.0723
A5|0.9656| 0.3488|—0.2944| 0.1456
Ag|0.9656|—0.2548| 0.0978|—0.0504
A7|0.9656|—0.0528| —0.0942| 0.0455

Figure B.1: Updated values of the coefficients of the expansion of the ratio R;(w) in powers of (w—1).
Taken from [69].
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Appendix C

Determinants and inequalities in the
DM method

In this appendix we give some formulae which are useful to simplify the numerical calculation of the
determinants of the matrix M and of the minors M(%/) discussed in Chapter 3l We consider explicitly
the case of real matrices only, because in practice this is the standard case. The generalization to
complex matrices is straightforward. We will also make use of the explicit expressions of the
inner products.

Let us start from the calculation of the determinant of the N x N matrix corresponding to the
inner products (g¢,|gt;) = 1/(1 — ziz;), where z; = 2(t;,t_) are assumed to be real numbers satisfying
the conditions z; # z; and |z;| < 1 with 4,j = 1,2,...N. Thus, we want to calculate the determinant
of the following matrix

1 1
1—2% 1—2129 o 1—z12n
1 1 1
1—z221 1—22 1—zozn
G = 2 (C.1)
1 1 1
1—zn2z1 1—zn22 17,2]2\]

A simple evaluation by induction shows that
2

1 z- _ Z,
GN(Z17ZQ, wzy) =det[G) = ———— cLT A 7 (C.2)
Hi]il(l —22) i<31_'£1 1 — zz;

where, in the case N =1 it is understood that Hlj\i]:l() — 1.
The matrix of which we want to calculate the determinant is given by Eq. (3.43]), namely it has

the form

X of é1f1 G2f2 . ONIN

1 1 1 1
of 1-22 1—2021 1—2022 o 1—202n

ofi L 1 1
— 1—z 1—2122 1-z12zn

M = o I (C.3)
1 1 1 1 ’

¢2f2 1—2220 1—2221 17z§ l—202zN

1 1 1 1
¢NfN 1—zn20 l—znz1 1—zn22 17212\,
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where y is the susceptibility that bounds the inner product (¢f|¢f) and, we remind, ¢; f; corresponds
to the scalar product (¢f|g:,) for the known values of the FF f; = f(z;), whereas ¢f is the scalar
product (¢ f|g:) of the FF f(z(t)) that we want to constrain. In order to use a compact notation let
us indicate the values of the conformal variable z and of ¢(z)f(z) as zp and ¢g fo, respectively, so that
in what follow the index ¢ may run from 0 to N.

A simple evaluation by induction, as before, yields

2

N N
1—22
d — W+ — 2201 _ 42 o ziem
et[M] GV (20,21, 22, 20N) | X Z@% fi(l=27) H P—
=0 m#i=0
N 2 2 N
(1—27)(1—2)(1 — 2ziz;) 1—2zizm 1 — zizm,
+ 2> ¢ifidif (i = s : 11 — — , (C4)
R 2i — 25) L2 —Zm % — Zm
i<j=0 m#(4,7)=0
where
1 N ’
N+1 _ < N
G( )(2,21,22,-.-ZN) =12 <;I]1: l—zzi> G( )(21,22,...21\[) . (C5)
The unitarity bounds for the (unknown) form factor fy result from the condition
det[M] = ag |~ f3 +28fo — B +7] 20, (C.6)
which implieﬂ B B
B—VA<fo<B+V7, (C.7)
where (after some algebraic manipulations)
a = GW(z,29,..2x) >0, (C.8)
N 2
_ 1 11—z
g = — id;——L C.9
¢odo ;fjgb] P20 — 2 ()
1 1
T = s (- C.10
3R Y (0
N 2 2
- (1—27)(1—25)
X = Y fifjdidid;d T2 = (C.11)
ij=1 T R
with
N1 22
dy = - C.12
0 mH e (C.12)
N1 zz
i = [ —=*. (C.13)
i

!The relations of the coefficients § and 7 with 8 and ~, defined in Eq. (3.50), are: 8 = —3/(a¢o) and ¥ = (8% +
ay)/(ago)® = A1Az/(ago)’.
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Unitarity is satisfied only when & > 0, which implies xy > %. Note that dy and ¢g depend on z,
while the quantities d; and ¢; with j = 1,2,...N do not. Thus, the values of B and 7 depend on z,
while the value of ¥ does not depend on 2y and it depends only on the set of input data. Consequently,
the unitarity condition x > ¥ does not depend on zg.

Note that:

e When zy goes toward one of the known values z;, let’s say zg — z;+, one has dy — d;+(1 —

2]2*)/(20 — zj)[1 + O(z0 — 2j+)], so that one gets (as expected)

B = fi, (C.14)
¥y — 0. (C.15)

e By expanding the factor 1/(1 — z;z;) in Eq. (C.11) for || < 1 one has

oo N 2
=y [z fsdi(1 zzw] | (.16)

k=0 Li=1
which implies ¥ > 0.

e Since in terms of the squared 4-momentum transfer ¢ the variable zg is given by

tp —1t—+/ty —1_
o= ViVl (C.17)
Vipg —t+ 4t —t-
the annihilation threshold ¢ = ¢t corresponds to zyp = —1, while t — —o0 corresponds to zg = 1.

From Eq. (C.10) it follows that unitarity may have no predictive power (i.e. 7 — o0) both at the
annihilation threshold ¢, and for ¢t — —o0.
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Appendix D

Non-perturbative computation of the
susceptibilities

In this Appendix we discuss the theoretical idea underlying the non-perturbative computation of the
two-point correlation functions, namely the susceptibilities y, that have been used as inputs of the
Dispersive Matrix approach (see Eq. ) Note that many of the definitions and formulae introduced
here have been used on the lattice to compute the HVP function of two electromagnetic currents [401]
and its isospin-breaking corrections [402] contributing to the muon g — 2. For all the details about the
implementation and the numerical results of these computations on the lattice, see [2].

D.1 Basic definitions

—

We compute the correlation functions at the Euclidean four-momentum @ = (Qo, @), given in terms

—

of the Minkowskian momentum ¢ = (qo, ¢) by the relations Qy = igyp and @ = ¢. With this choice
Q? = —¢?. Furthermore, we perform a Wick rotation on the coordinates, so that we pass from the
Minkoskian coordinates zj; = (7, Z) to the Euclidean ones x = (t, %), with ¢ = i7. The vector and
axial HVP tensors take the form

Q) = [ atee @ O T(VE @)VEO)}0)
= (—Q'QV+ "L (Q%) - Q"Q"+(Q7), (D.1)
Q) = [ atee @ 0 T{A (0)45(0)) o)
= (—Q'QV+ 8" Q)L+ (Q7) — Q"QI-(Q7),
where we have introduced the currents
VE =eyb, AF = E’yfﬂ%b. (D.2)
defined in terms of Hermitian, Euclidean Dirac matrices satisfying the anticommutation relations
(VgV} = 20" (D.3)

In the following we will omit the explicit subscript E in the definition of the Euclidean currents and
~y-matrices.
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A convenient choice is to work with the momentum Q = (Q°,0) so that

QN (Q?) = - /_ Zdt’e‘iQt'CO+(t'),
QM- (Q*) = — / h dt' e Q" O (1), (D.4)
@y (@) = - [ are e, o),
QM+ (QY = — /_ Zdt’e_iQt/Cﬁ(t'),

where the explicit expressions of the various correlators computed at the time distance ¢ are

Cor(t) = / &3 (0| T{B(t, Fyroc(t, F)e(0)10b(0)} 0) |
3

G = 3> / @3 (0] T{b(t, @)iclt, H)E(0)b(0)} [0) | (D.5)

=1

d>% (0| T{b(t, )y0y5¢(t, £)E(0)7075b(0)} 0)

&
|
I
—

Ci+(t) =

W=

3
S [ i 01T (bl et De0)riasb0)} )
i=1

By recalling the definition of the spherical Bessel functions

_ sin(z) sin(z)  cos(z)

Jo(z) = PR Ji(z) = 52 P (D.6)
and given that
2
5z ©os(Q1) = ~ia(Q0). (D.7)
we get
Yor (@2) = /0 at' ¢ 250(Q1)Cos (1)
]‘ o ! 4/ ' ! /
W@ = g [Tare e ), (D)
w (@) = [T eQCe (1),
1 o0 - !
w@) = 1 [t o).

In this Thesis we will always take Q? = 0. In this case jo(0) = 1 and lim, o ji(7)/z = 1/3, so that
the derivatives of the longitudinal and transverse polarization functions are equal to the second and
the fourth moments of the longitudinal and transverse Euclidean correlators, respectively. We point
out again that, by using the two-point correlation functions determined non-perturbatively, we may
constrain the form factors also at Q2 # 0.
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Some relations, which are particularly useful in the analysis of the numerical results, can be derived
using the Ward Identities (WIs) that the vector and axial vector quark currents satisfy

Oubw)yc(z) = (my—m)b(a)e(a),
Oubla)ysel@) = (my+mo)b(a)ysela) (D.9)

where my and m,. are the (bare) masses of the bottom and charm quarks respectively. Hence, by
defining two further (Euclidean) polarization functions connected to the scalar and the pseudoscalar
currents, namely

Is(Q%) = / d'z e (0] T{b(x)c(x)e(0)b(0)} 0)

I1p(Q%) / d'z e (0] T{b(w)ys5¢(2)E(0)5b(0)} |0) (D.10)

the Wls imply that

Qu@ I (Q) = (my—me)* Ts(Q),

QuQUITL(Q) = (my+me)® TIp(Q?), (D.11)
from which we obtain

QMo+ (@%) = (my —me)*Ts(Q?),

—Q'M-(Q%) = (mp+me)’Ip(Q?). (D.12)
Moreover, by performing a double derivative with respect to Q? we get

262 2

9 0
(_QW—Q o ) (@Ml (@] = (m o) s TIs(QP).

: Ip(Q%). (D.13)

0
(mb + mC)282Q2

(<2505 ~ @5 ) (@ (@)

At this point, we can define the scalar and pseudoscalar analogues of Eqs. (D.5):

2\ _ _1 0 2 _1 s aa n(QF) ’
@) = =5 (e ) 1s@) =1 [Tt D e,

82Q2 4 Q/
1/ 02 1 [
(@) = —2<82Q2> (@) = § [ are DD e, (D.14)

where the scalar and pseudoscalar Euclidean correlators are defined as
Cs(t) = [ % (0] T(b(t.2)c(t. 2)(0)b(0)) ).
Cp(t) = /d?” (0] T{b(t, ) y5c(t, ©)E(0)75b(0)} |0) - (D.15)

The WIs offer thus the possibility to express the derivatives of vector longitudinal and axial lon-
gitudinal polarization functions in a different way, namely

(@) = (= mePxs(@) - 5@ 50 (@)



200 APPENDIX D. NON-PERTURBATIVE COMPUTATION OF THE SUSCEPTIBILITIES

— L[> 14t jl(Qt/) / ’
- . /0 ¢4 2 [(my = meCs(¢) + Q*Co ()] (D.16)
)

(@) = (ot m)xr(QF) - 5P 5o
1 o0 . /
_ 4/0 dt/t/4 jlégt/t) [(mb+mc)2CP(t/)+Q2007(t/)] ]

Thus, when setting Q? = 0, we can compute the derivatives of the longitudinal vector and axial-vector
polarization functions directly through the fourth moments of the scalar and pseudoscalar correlators,
respectively. The advantage of the above procedure based on the Wls will be clarified in what follows.

(@)

D.2 HVP tensors in perturbation theory and lattice artefacts

When computing the quantities (D.8) and (D.16]) on the lattice, one has to deal with discretization
terms that vanish in the continuum limit, namely when the lattice spacing a — 0. These discretization
effects enter both in the expressions of the WIs on the lattice [403] and in the non-perturbative
computation of the T-products. As it will be clear in the following discussion, we propose to reduce
such discretisation errors by using a combination of non-perturbative and perturbative subtractions
which were found very effective in the past. We are going to examine this idea in detail, by illustrating
the main ideas for the perturbative calculation of the polarization functions. Although, in what follows,
we will consider lattice QCD in the Twisted Mass Fermion (TMF) regularisation, the main arguments
of our discussion are general and can be applied to any lattice regularisation of the theory. One
peculiarity, which is however common to other regularisations, is the on-shell O(a) improvement of
the physical particle spectrum and of the matrix elements of local bilinear operators. Thus the lattice
artefacts for physical quantities related to these matrix elements are of O(a?).

In lattice simulations performed at finite lattice spacing one can attempt to obtain the physical
results either by extrapolating the lattice quantities to the continuum or by reducing the discretisation
effects by a subtraction procedure based on perturbation theory. A combination of the two strategies
is indeed the most effective one. To this end, a specific perturbative approach can be implemented at
one-loop (or higher-loops) order by computing for a given quantity, say the polarization function or
its derivatives, the corresponding Feynman diagrams, at finite lattice spacing.

Recalling the definitions of H“jf’A given in Eq. , we analyse the structure of a twisted fermions
loop, the graphical representation of which, at lowest order, corresponds to the first Feynman diagram

on the left in Fig.[D.1]

Figure D.1: One- and two-loop Feynman diagrams for the polarization function. The crosses represent
the bilinear operators and the curly line the gluon propagator.

Given the on-shell O(a) improvement of the vector current correlators at physical distances we
focus on the impact of contributions to the Fourier sum from small and zero distance. Formally, we
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are interested in the expansion of the generic polarization function I(Q?) = g+ 1+ (Q?)

Q%) = Y Cyd* (D.17)

k>—6

where one can show that C7; = 0 with maximally TMF. Let us discuss as an example the case of the
vector current. In this case, the coefficients of the expansion can be derived from the generic form of
the lattice polarization tensor using the symmetries of the lattice action [404]

Z1 5 1 - v
I(Q% = 1§, Q%) + <a2 + Z1(=S6 + 25§>o> M+ 25 (i +p3) S+ Zy (i — p3) S
+ (ZQz Q? M + 200 Q“Q”) + O(a?, operators of higher dimension), (D.18)

where Iy con(Q?) is the continuum polarization tensor, S5 and Sg are defined by the expansion of the
lattice action close to the continuum limit

Sepf=Si+aS;+a*S+a*Sr+..., (D.19)

where Sj, = f d*x £}, with the terms £j, containing linear combinations of fields with mass dimension
k, and (...)o stands for vacuum expectation value of some combination of operators, either local,
e.g. (Se)o, or non local, (S2). We will indicate explicitly the dependence of TI*(Q?) or of the x’s on
the quark masses only when it will be necessary for the discussion of the results.

Luckily enough all the divergent or mass dependent lattice artefacts in the first line of Eq.
disappear when we apply the derivative with respect to Q? to obtain the susceptibilities x’s, see
Eqgs. . There are however terms of O(a’) which remain and that, in some cases, can even
make the longitudinal polarization function different form zero even with degenerate quark masses
w1 = 2. Besides these terms there are discretisation errors of O(a?) or higher which remain. The
strategy to reduce their effect is that widely used in literature, see for example Ref. |[405]. In our
case it is even simpler since the quantities that we consider, namely the x’s, are finite in perturbation
theory. Let us call xpaT(Q?, a) the generic susceptibility computed non perturbatively on the lattice,
x(Q?, a) the corresponding susceptibility computed in lattice perturbation theory, ¥(Q?) the expression
resulting from x(Q?,a) by neglecting all contributions which vanish for a — 0, lim,_,o x(Q? a) —
X(Q?), Xeon(Q?) the susceptibility computed perturbatively in the continuum theory. We introduce
the following quantities

An(@%a) =x(Q%a) = X(Q%),  A%(Q%) = X(Q%) — Xcon(Q?), (D.20)

where A1, (Q?, a) represents the discretisation errors that we want to subtract, and As, (Q? a) the
finite terms which are different in the continuum with respect to the lattice case. In order to extract
the subtracted susceptibility we construct then the combination

Ys(Q%,a) = xpar(Q?,a) — Ay (Q% a) — Asy (Q%) = xraT(Q%, a) — X(Q%,a) + Xeon(Q%, 1) . (D.21)

Thus, up to a certain order in perturbation theory and up to non perturbative effects, x.(Q?, a)
reduces to the continuum result without discretisation errors. As we will show in a moment, if one
uses the one-loop perturbative calculations, the discretisation error then reduces to O(asa?).
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D.3 An instructive example: the vector current polarization tensor
at one loop

In order to illustrate the procedure followed to reduce the discretisation errors, as an instructive
example we discuss in details the one-loop perturbative calculation of the vector current polarization
tensor and of the corresponding susceptibilities.

At lowest order in perturbation theory, by calling k the internal momentum, we may easily compute
the correlator of two local vector currents on the lattice

+7/a dk

I17(Q, a) = /_ e Tr [v“Gl(k + %)'y”Gz(k - %) : (D.22)

where the integration interval represents the first Brillouin zone. Here G;—; 2 indicates the tree-level
Wilson twisted-mass propagator, namely

—ivuPy + Mi(p) — g5

Gi(p) = . , 1=1,2 (D.23
i P+ NC(p) + 12, )
where we have defined on the lattice
B 1 . IS .2 . ra
Pu = o sin(apy),  M;(p) =m; + Ezapi, p= . sm(%). (D.24)

In order to make the calculation it is convenient to define the dimensionless quantities
Pu =pua, Mm=ma, [(=pa, (D.25)
and express Eq.(D.23) as

3 5 M i 3
Gilp) = a ~ T NNO ZIROST g g (D.26)
p*+ M (p) + fig ;

Taking into account the change of the integration variables, we have that

+7 4
Q)= 5 Q0= [ G s G- S0]. man
where iP’(/V(Qa) is a dimensionless quantity which can only depend on dimensionless quantities (Qa,
mia, maa, ...). At this point we may obtain the x’s by applying the appropriate derivatives with
respect to @, to the expression given in Eq. . Note that any derivative with respect to @, we
make to obtain the x’s implies the appearance of a factor a in front of the r.h.s. of Eq. , since the
integral only depends on the product Qa. A particularly convenient choice of () in the evaluation of the
lattice integral is Q = (Qo,0), Q% = Q2, 0/0Q? = 1/(2Q0)9/9Qq, see Egs. f. When
we want to obtain the continuum expression (at this order we do not need to define the renormalisation
scheme since everything is finite) it is enough to take the limit a — 0 in the integrand and
apply to P{/(Qa) the derivatives with respect to Q.
Let us discuss the case of the susceptibilities at () = 0, that in this Thesis are used as inputs of
the Dispersive Matrix approach. In this case, in the continuum, one obtains

Ne

9672 (1 — u2)’ {(1—u?) (3 + du — 21u® + 40u® — 21u* + 4u® + 3u)

(m% Xr(Qz = 0))Con =
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+12u® (2 — 3u + 2u?) log [u?] } (D.28)

Ne u2)3 {(1 —uz) (1 —4u+u2) (1 —|—u+u2) — 6u’log [uQ]} )

2 _ _
(X0+ (Q - O>)c0n - 2472 (1 B

where N, is the number of colours and the quantities on the 1.h.s. being dimensionless can only depend
on the ratio u = mj/mg. In what follows mgy will always denote the heavier of the two valence quarks
in the decaying meson, namely the b quark for B — D®) decays. Note that in the limit m; — mo
(i.e. u — 1) the longitudinal susceptibility x+ (Q?) vanishes because the currents are conserved in this
limit. Also on the lattice, as a — 0, the x’s can only depend on u and thus, in perturbation theory
we expect

(M3 x1-(Q*=0,0))xp = (M3x1-(Q° =0)),, +a*m3dox)-(u,a’m3),
(X0+ (Q2 =0, a))LAT = (X0+ (Q2 = 0))Con + 5X0+ (u) + a’2m% 5X6+ (’LL, GQm%) ) (D29)

where the quantities 5X§,) can be eliminated in perturbation theory following the scheme described in

Eq. . The lattice susceptibilities (m% x1-(Q*=0, a))LAT and (X0+ (Q* =0, a)) A are obtained
by applying the appropriate derivatives with respect to Q)¢ to the expression in Eq. and putting
Qo = 0. The four dimensional integral can be performed numerically without difficulties. Note also
that, since we are able to compute the polarization tensor non perturbatively, in principle we are also
able to enforce the unitarity constraints on the FFs at Q? # 0, although it goes beyond the goals of
this Thesis.

The advantage of the WIs is now clear from Eq. . When we compute the vector (or
axial) longitudinal polarization functions through their definitions , namely computing only one
derivative with respect to ¢? of the corresponding polarization functions, we will find by construction
some O(a") discretization effects, namely dxo+ (or 6xo-). This is not true when performing two
derivatives with respect to ¢° of the polarization functions, which can be done by considering the WIs

in Eq. (D.16).

’ H Perturbative H Non-perturbative ‘

X577 ¢[1072] 6.204 7.58 £0.59
xX5=e[1073] 19.4 21.9+1.9
xo7C[1071 GeV 2] 5.131 5.84 +0.44
o7 e[107* GeV 2] 3.89 4.69 £ 0.30

Table D.1: Values of the susceptibilities adopted for the Dispersive Matriz method for the b — ¢ quark transi-
tions. We compare the perturbative estimates [50,/69] with our non-perturbative results. Note that, in the former
case, the uncertainties are completely negligible.

D.4 Non-perturbative numerical values of the susceptibilities

After having explained the theoretical ideas underlying the non-perturbative computation of the sus-
ceptibilities s, let us show the final results of the simulations on the lattice.

For the b — ¢ quark currents, these values are contained in the last column of Table [D.I], which are
the values used for the phenomenological applications discussed in Chapters [4 and [p] In the Table we
show also for comparison the perturbative estimates computed in [50,/69]. We note that the differences
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are negligible for the 1= and 0~ channels, i.e. ~ 4% and ~ 7% respectively, while are slightly larger
in the 0" and 17 channels, namely both ~ 20%.

For the b — u quark currents, no recent perturbative estimates have been published in literature,
thus we show directly the results of our non-perturbative computation, i.e.

Pt = (2.0440.20) 1072 (D.30)
U7 = (445+1.16)- 107 GeV 2, (D.31)

where we show only the 0* and the 1~ since they are the only ones relevant for the phenomenological
applications discussed in Chapter



Appendix E

Some details about Bound States
Dynamics for WIMP DM

Figure E.1: Examples of diagrams controlling the BS effective Hamiltonian at next-to-leading order

in gauge boson emission. The first diagram corresponds to the second order Born approximation for

the dipole operators in Eq. . The second diagram, instead, is obtained from the O(A?) terms in
the interaction Hamiltonian, at leading order in the Born approximation.

In this Appendix we discuss the details of the dynamics of Bound State Formation (BSF). To be
more specific, we will show the general features of BSF at leading order (LO) in gauge boson emission
and at next-to-leading order (NLO) in gauge boson emission.

At LO, bound states form through the emission of a single vector boson V*: x; + x; — BSyy +
V@, The non-relativistic limit of the amplitude can be recast in the form of an effective interaction
Hamiltonian, such that the full amplitude can be obtained from its matrix element with the wave
function of the initial and final two-particle states (reconstructed from the resummation of the ladder
diagrams). The leading order contribution to this effective hamiltonian comes in the form of electric
dipole interaction terms [298}299]:

92 ([ 2a/ = " Ta/~ L 7 L e
AT = M, (Aa(xl) -1 T055 + A% (T2) 'PzT?'j‘Si’i> + 9202 (Aa(o) -Te M“T) T5 T 1, (E1)
where the first to terms are a simple generalization of the standard QED dipole interaction while the
last one is a purely non-abelian term which arises from vector boson emission from a vector line.
The computation of the transition amplitudes from Eq. (E.1|) simplifies if we assume the SU(2)p-
invariant limit. This approximation applies when the DM de Broglie wavelength is much smaller

205
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than the range of the Yukawa interaction 1/my and therefore for z < (M, /mw )?. In this regime the
Yukawa potential is well approximated by the Coulomb one which turns out to be a good approximation
to describe WIMP freeze-out. The BS dynamics can then be understood by using isospin selection
rules while the main consequence of having finite vector masses is to provide an energy threshold to
the emission of a single massive boson in the formation or the decay of a BS.

Since aeg ~ n?, increasing the dimensionality of the DM multiplet enhances NLO processes in
gauge boson emission such as x; +x; — BSy ;s +V*+ V?. These could be in principle relevant for both
the computation of the thermal mass and the saturation of the perturbative unitarity bound. The
main NLO contributions to BSF come from diagrams like the ones in Fig. and are essentially of two
types: i) the first diagram is essentially the second order Born approximation of the LO Hamiltonian,
with the intermediate state being a free one or a BS; ii) the second diagram, where the two emitted
vectors come from the same vertex, is generated by the effective Hamiltonian at order O(A2). The
latter contains terms of the form

(- A") (- A)

, (E.2)
M3

2
SN0 72?\2 ToTh | A0 A +
X

where we focus here on the abelian part of the hamiltonian. From Egs. (E.1))-(E.2)) we can estimate
the contribution to the double emission BSF cross-section as:

2T« g2 AE\?
LO - eff NLO,, X
OBSFUrel =~ 753 AE, OBSF Urel =~ 78 )%’Urel (X> N (E3)

2 2m o
aeﬁMX Vrel

where g, = 1 for Majorana fermions (g, = 2 for real scalars). In the LO estimate, a factor

comes from the overlap integral while a factor %—f from the two-body phase space. Similarly, in the

NLO estimate a factor %2%6@; 33 comes from the 3-body phase space, taking into account the two identical

3
final vectors, and (a ﬁzMX) ZZLTH from the overlap integrals between the wave functions. From the

above formula one can derive the scaling of the NLO corrections in Eq. (10.33)).
Now, we are looking for the contributions from second order Born expansion, whose general ex-
pression is

2602 2
r = dww(Ey, — ¢ Cey ) E.4
(Ounay = gy [ =) o + G (8.4
where we defined

Cps = E ! + L Jgm3d (E.5a)

Bs = ooy E,—-E;,—-w+ 7;Fdec,m w— B, + iFdec,m mem '
e / &k ! + ! 79 (E.5b)

free = 3 52 2 2 2 I gEUkf :

(2m) En —w+ g + € w——]qwx+r’}><+ze I

with J;r being the overlap integrals between the states ¢ and f, the index m running over all inter-
mediate BS and the k-integral running over all the intermediate scattering states. Starting from Cgg,
the intermediate BS are rather narrow resonances because

Tgee ~ 024 Ep < Ep (E.6)

where Ep is a typical binding energy. This quick estimate, supported by the full numerical compu-
tation, suggests that Cpg contribution is fully captured in the Narrow Width Approximation (NWA)
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for the intermediate BS. Therefore, neglecting the interference terms, one gets

(Uvrel)2V = Z(Uvrel)lv,mBRm%n- (E7)

m

To estimate the contribution from Cgee Wwe need to estimate J_ which encodes the contribution
from intermediate continuum states. For simplicity, we stick to the abelian contribution which reads

7= / r?drRy 0, Ry - (E.8)

The integral above can be split into small and large r regions, roughly separated by the Bohr radius

_ 1 ;
a0 = Gt e

ao o)
I = /O r?drRy 0, Rgo + / rdrRy; 9, Ry
1 ¢ o (E.9)
aciMyvkq  (Myoeg)? ( )
which plugged into Eq. (E.5b) gives an estimate of Cee. All in all, plugging these estimates in Eq. (E.4)
and replacing ¢ = M, vy we get that the contribution from NLO exchange of continuum states behaves
similarly to the ones estimated in Eq. (E.3) up to subleading terms in the vy < e regime.
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Appendix F

More on WIMPs and DT's at future
lepton colliders

In this Appendix we recast the two search strategies discussed in Ref. [322] that exploit the presence of
a single short reconstructed disappearing track or a two-track analysis that require at least one of them
to be a short disappearing track, in addition to a trigger photon. The requirements are summarized
in Table taken from from Ref. [322].

Single track (1T) | Double track (2T)
E, > 25 GeV > 25 GeV
pr leading track > 300 GeV > 20 GeV
pr subleding track / > 10 GeV
0 leading track %’T<49<%7r 2§<9<%r
Az tracks / < 0.1 mm

Table F.1: Event selections in the two signal regions considered in the original work [322].

Single-track search. For the single-track analysis we take the background cross-section quoted
in [322]. This rate is mainly determined by the combinatorial of track reconstruction induced by beam-
induced backgroundsr_-] To determine the rate of the single-track events, we compute the mono-photon
cross-section doubly differential in the polar angles of the charged particles x1, x2. This do/df;dfs is
obtained at LO in perturbation theory with MadGraphb_ aMCQNLO and is further reweighted to
take into account angular and distance sensitivity to stub-tracks reported in Ref. [322]. Let P(6;) be
the probability that the particle x; is reconstructed as a track:

"max A €pec (1, 6)

PO, Trin Troe) = / ¢~r/(erpysing) (F.1)

Tmin

cT By sin 6

where r is the transverse radius and €,cc(r,#) is the probability to reconstruct as a track a particle
travelling at an angle 6 that decayed at a transverse radius r given in Fig. 11 of Ref. [322]. For single
tracks €pec(r, ) is 0 outside the interval r € [50 mm, 127 mm], and outside 7/6 < 6 < 57/6. The radial

! As acknowledged in [322], this estimate of the background is quite conservative because it is based on detailed beam
dynamics simulation for 1/s = 1.5 TeV. Due to the relativistic dilution of muon decays, we expect smaller background
cross-section at higher /s.

209
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condition reflects the fact that tracks can only be reconstructed if the particles make at least 4 hits
in the vertex detector, which for the considered geometry means that the particle must travel at least
a minimum distance of 50 mm in the detector, while the upper limit stems from the disappearing
condition of the track. The latter condition will be relaxed in the double-tracks search. With the
knowledge of €, the integral in Eq. can be performed numerically. As per Table the hard
cross-section g is subject to trigger requirements: the leading observed track is required to have

pr > 300 GeV (F.2)

to help discriminate it against fake tracks, and it must lie within the cone

2
£<0<7—7T.

- : (F.3)

In our recast, due to lack of a detailed tracking and detector simulation, these cuts are implemented at
parton level on the DM particles momenta, which leads us to overestimate the number of events that
pass the selection. To account for this effect we assume that only a fraction €y of the events with
parton pr > 300 GeV gives a track whose pr fulfils the same conditions. The transfer factor €., =~ 0.5
is estimated from the pr distribution of x obtained at generator level, and track pt distribution given
in Ref. [322]. We assume that tracks with pp > 300 GeV can only come from y with pr > 300 GeV.
To properly avoid over-counting events with two reconstructed tracks, we divide the final state phase
space into two non-overlapping regions that require different reconstruction constraints:

i) Both x fulfil the conditions to be considered as leading track (Egs. and (F.3)). In this case
both tracks are subject to the detection and reconstruction efficiencies €qan and €pec (0, 7). These
events may give rise to zero, one, or two reconstructed stub-tracks. We count events with at least
one stub-track.

ii) Exactly one x fulfils the conditions to be considered as leading track. Only events in which this
track is reconstructed according to detection and reconstruction efficiencies €qan and €pec (6, 7) are
counted. The fate of the sub-leading x (if any) is irrelevant.

The largest contribution to the single-track cross-section comes from events in region i), where both
DM particles satisfy the pr and 6 requirements to be considered as a leading track. The preference
for this configuration reflects the approximate 2-body kinematics of the mono-v events with small
pr. In order to understand the nature of signal we can split it into two further sub-categories with:
a) exactly one reconstructed track which fulfils the conditions Eq. and Eq. ; b) exactly 2
reconstructed stub-tracks, of which at least one fulfils the same conditions. The respective rates are
given by:
d2aé€y {Etran2p(91)(l - P(92)) 1 track,

dcosfrdcosfy (1 —(1- etran)Q)P(Gl)P(Gg) 2 tracks,

where the hard cross-section Jé’ is restricted to the phase-space region where both y particles fulfil
the requirements of Eqs. and . The boost factor Sy and the angular distribution are both
taken from a MC sample with cuts only on the photon at generator level. The resulting number of
events is used to compute the reach on the DM mass reported in Fig. according to Eq.
with €5y = 0.

Interestingly, the results obtained from the MC sample can also be understood semi-analytically
thanks to the simple kinematics of the mono-photon process. Given that the photon tends to be
soft, the kinematics of the three body process is not too different from direct production of a pair of

T
5
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oppositely charged DM particles without the photon. Therefore a very good analytic approximation
of the above results can be obtained, with the x boost factor and flight directions approximated by
the ones for pair-produced DM particles with energy /s/2,

S
-
e

By ~ 1, 01 =7+ 6s. (F4)

The angular distribution can also be computed analytically in the 2-body limit,

2 2
1 dogy 1+ 4% + (1 - 4%) cos? @, fermion,
— X

05, dcost sin’ 6, scalar.

Results obtained using the MC 3-body angular distributions are in good agreement with the ones
obtained with this analytic two-body approximation.

Double-track search. The signal of the double tracks is computed by requiring both DM
particles to be reconstructed as tracks. The rate in this case is

22T
d o5,

d cos 6;d cos 92P(91)P(92) ' (F.5)

We additionally require the two tracks to originate from points that are close to each other along the
direction of the beam axis, Az < 0.1 mm (see Table . This effectively reduces the background
to negligible levels. In this limit, we use 4 signal events as a conservative estimate of the 95% C.L.
exclusion for a Poissonian counting.

The angular cuts on the tracks are the same as in the single track case, while the pr cuts are much
milder: pt > 10,20 GeV for the sub-leading and leading tracks, respectively. In this case the mismatch
between the pr of the reconstructed track and the pt of the charged x obtained at generator level
is negligible. The additional cuts do not affect significantly the signal events. Note that, following
Ref. [322], the disappearing condition is required on at least one track, i.e. this analysis includes in
the signal all events in which the second track extends up to a transverse radius of » = 1153 mm.
Following Ref. [322], we assumed for such long tracks a reconstruction efficiency equal to the tracks
decaying between 101 mm < r < 127 mm. Also for double tracks, the result obtained using the MC
sample 5+ and 6 distributions are in agreement with the ones computed analytically in the 2-body
limit.
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Appendix G

Details about the coupling of DM with
lm

As explained in Chapter below the QCD scale Aqcp the quarks are dresses into mesons and
baryons, so that the terms in the effective Lagrangian are substituted by the new ones in
Eq. . These new interactions have been computed in chiral perturbation theory, as we will
schematically show in this Appendix.

We start summarizing the pion action [406]. We define

111 70 Vort
U—expf—7T7 II = (\/iﬂ_ —770) , (G.1)

where fr = 93MeV. The SM pion Lagrangian is given by

2
Sortr = 22T [ID,UP +m2 (U + 0] (G2)

where the covariant derivative is

DU = 0,U —i(r) +r) YU +iUL) +1))), (G.3)

with
rh =l =—eQA,, 1) =0, I}V= —W\g(ﬁwj +o W) (G.4)

and

o3 1/1 0 0 1 _ 00
Q‘z‘z(o —1)’ “+_<0 0>’ ’ _<1 0)' (G-5)

The Lagrangian can be then expanded as

1 1
Cor = 5@+ 0 = m (17 + 5

—l—( — gfﬂVudWlf(O" —ieAM) T 4+ z'eAuWJr(@“ —ieAM)m™

- %VudWJ (700" — ieAM)r™ — = 0 n°] + h.c.) +

—1—6}2 |:((7T_8u7'(+)2 + 27977 9T oM + heel) +
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1 2
_2’8H7T+’2(’7T+’2—|—(7T0)2)—2’7T+‘2(8“7r0)2+m7% (’7T+‘2+2(7T0)2> :|_'_

where we only wrote the relevant terms in the expansion. Integrating out the W gives the effective
Fermi interaction of pions

L3 = 2G (L) (frOurt — i(700,mnT — 770,7°) +...) + hec. (G.6)

Now, the vector-like DM interaction in Eq. can be obtained in a very similar way, i.e.
by replacing the left-handed current with (xy*fgr). The scalar interaction is obtained converting
(>_(LL>(QLUR) into

_ 2By
(eve) =5
In what follows, we give some compact formulee that, starting from the Lagrangian , allows to
describe quantitatively the interactions of DM with pions and other SM particles.

Tr[U;U + %U] + (xéL)fiBoTr [a+U] (G.7)

G.1 Tree-level DM decay

If M > my, the DM can decay to a lepton and an off-shell pion (subsequently decaying to er) through
the interaction in Eq. (11.31]). The amplitude reads

{
o = VARG ey P2 —2) (i Pron) (83 Prs) + (a3 PR (e Pro)] . (G:8)

where the second term is absent if y is Dirac. The squared amplitude is

2f7GHCRRmE (7 — mg)
(m3 — p3)?

where pr = p. +p, is the pion 4-momentum and the (2) holds only if x is Majorana. The decay width
is then

P = (2)

[(M? —mi)? — pZ(M? +m})] (G.9)

max max

r , 1 512 S23 sl 2 1 10
— - I |
=) = o sy /5“3 sedsnl | g (G-10)

1 (M —my)2 dp? m2
- e (1 e ) Jmi— 2m2(M2 + p2) + (M2~ pR)2.
OM o2 28302 | < P%) my — 2mg(M? + pz) + ( p2)

(G.11)
Note that the off-shell decay rates have been computed both analytically and numerically with MAD-
GRAPH [375], after having implemented the interaction in Eq. (11.31)) and the relevant SM pion inter-
actions.

G.2 Scatterings among y,/, v,

The photon interacts with charged particles, m and ¢. Furthermore a xfy7m vertex arises from the
gauge-covariantization of the x£0,m interaction. Taking this vertex into account, the total scattering
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amplitude vanishes for longitudinal photons. In the non-relativistic limits the squared amplitudes
summed over all initial-state and final states are

le?rC'iR(mg +mg)(m? + M?)

|2 (xy = 7l = p , (G.12a)
¢
e2f2C2% , M(m?2 + M?)
2 — xR f4
- 12
|| (xm™ — ~0) S , (G.12b)
2 202 m2 —|—M2
Pt = 77y) = —TXE Mo ), (G.12¢)
my

with no contribution from the photon interaction to the .

G.3 Scatterings among y, /¢, 7", 7+

Only the quartic interaction among x,%g, 7, 7% contributes to tree-level scatterings among these

particles. All processes with different initial-state and final-state particles have the following squared
amplitude, summed over all degrees of freedom, and here written assuming all incoming momenta,

Px + Pt + Pro + prt = 0:
| * = =203 {[pe - (Pro = prt)] [x - (Pro = D) + (Pt - Pa0 —m2) (e py)} - (G.13)

So the squared amplitudes, summed over all degrees of freedom, are

202

T Rpsmgo = =TT AL A48 4 (mf + MP)(mf + M = s) + 4t(s = mj — M? —2m3),
20

2 L = 5 TR ymd omd 4 MY m2(2M? — 4s — t) + ds(s + £ — 2m2) — M2 (4s + 1)),

and the same for x7¥ — ¢ .
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