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Abstract

In this research, I have tested the standard model(SM) and various new
physics (NP) models using B and D meson decays. In D meson decays,
the SU(3) flavor symmetry of the SM for Cabibbo favored decays is tested
against experimental measurements. The SU(3) analysis with n and 7" are
considered in a general and consistent way for the first time. In B decays,
a fit to the data for four B — K decays is performed, within the SM and
with NP. The fit confirms that the SM gives a poor fit to the B — 7K
data which is known as the B — 7K ”"puzzle”. A solution to the B — 7K
"puzzle” is presented in terms of an axion like particle (ALP) with a mass
near the neutral pion mass. Several search strategies to observe this particle
in various experiments have also been explored. Finally, an explanation of
the B — wK ”puzzle” via the presence of diquarks is considered. The
possibility to generate neutrino masses and mixing via a combination of
diquarks and leptoquarks is also discussed. The leptoquark can account for

the lepton universality violating anomalies in semileptonic B decays.
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1 Introduction

The Standard Model as presently constituted does an excellent job of describing the
phenomena we observe in the universe. Over the past century the SM has been cre-
ated, modified and amended as more observations have been made. As a fundamental
theory it is highly successful, but as more data has been accumulated some discrepan-
cies between the theory and certain observables have emerged; and as has happened
throughout the history of science, we recognize the need to again either modify or
expand the model. Care must be taken when doing so due to the high level of agree-
ment between theory and experiment that does exist. We don’t want those aspects of
the theory that work to be significantly altered by anything we change or add. The
motivation for the work that follows comes from the following shortcomings in the

Standard Model:
e (P asymmetry in the Charm decay sector
e ('P asymmetry in the Bottom decay sector
e Origin of neutrino masses
e The question of lepton universality

The research that I have carried out deals with addressing these areas testing the effec-
tiveness of the Standard Model, and presenting physics Beyond the Standard Model, as
well as informing some future experimental search strategies for distinguishing signals
indicating New Physics.

The research is presented as follows: A brief introduction of the SM will com-
prise Section 2. Section 3 explores the connection between SU(3) matrix elements and
flavor flow diagrams in the D system. Section 4 considers R-parity violating supersym-

metry to explain C'P asymmetry, also in the D system. Section 5 transitions to the B



system and introduces diquarks and leptoquarks. Section 6 discusses the introduction
of an axion-like particle (ALP) to resolve the B — mK puzzle. Section 7 is an attempt
to created detector signals of the ALP that could potentially be measured at various

experiments.



2 The Standard Model
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Figure 1: The Standard Model, as presently constituted.

The Standard Model currently consists of classes of fermions (spin 1/2, matter
particles) and bosons (spin 1 force carriers). The fermions are further classified into
leptons and quarks. The leptons come in two separate classes and three different
flavors. The class of charged leptons consist of electrons (e), muon (i), and tau (7)
particles, each carrying an electric charge of ¢ = —1 e (where e is the fundamental
electric charge). The flavors are listed here in order of increasing mass. Each of these
leptons has an associated neutrino that is electrically neutral. The neutrinos constitute
the second class of leptons. The quarks are similarly separated into two classes and

three flavors. The up-type quarks carry a charge of ¢ = +2/3 e and the down-type

quarks carry a charge of ¢ = —1/3 e. The three flavors for the up-type class are



the up (u), charm (c¢), and top (¢). The down-type quarks are the down (d), strange
(s), and bottom (b). These are again listed in order of increasing mass. The quarks
furthermore possess a color charge, similar to electric charge but more complicated.
The electric charge comes in a single type, whereas the color charge comes in three
types referred to as red, green and blue. These particle constitute all of the known
matter in the universe. Since decay processes proceed in the direction of decreasing
mass, the only stable fermions that we observe in nature are the up and down quarks,
the neutrinos, and the electron. All of the other fermions are unstable and decay into
lighter particles.

The bosons of the Standard Model mediate the different forces that particles
feel. The known forces in the universe are the gravitational, electromagnetic, weak
and strong forces. These forces cause particles to interact that possess the specific
property that couples the fermion field to the boson field. Particles that possess
mass interact via the gravitational force, which is mediated by the graviton (predicted
but not yet observed). Particles that possess electric charge interact through the
electromagnetic force mediated by the photon. Particles that possess flavor interact
through the weak force mediated by the W=+, and Z bosons. Particles that possess
color interact through the strong force mediated by gluons. While the gravitational
and electromagnetic forces have been observed and studied for centuries, the weak and
strong forces are less familiar. The weak interaction was first observed in the 1930s and
is the process that is responsible for radioactive decay of atoms and nuclear reactions.
The strong interaction, first formalized in the 1970s, is responsible for binding protons
and neutrons in the nucleus of an atom as well as binding the quarks that protons and
neutrons are composed of.

The strong force is responsible for binding quarks together and within the SM
this binding occurs between 3 quarks (baryons) or a quark/anti-quark pair (mesons).
Quarks have never been observed by themselves, they only exist as components of
baryons or mesons. This is due to what is referred to as color confinement (the overall

color charge of all existing matter is neutral).
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The weak force is responsible for the decay of atomic nuclei. There are three
separate regimes in which this interaction occurs: leptonic, semi-leptonic and non-
leptonic. All of these interactions are flavor changing. These interactions occur through

the following basic vertices.

w*H(W-) >

Figure 2: The Standard Model vertices for the weak interaction. The figure on the
left is the leptonic vertex, the figure on the right shows the quark vertex. The vertex
factors are given in Section 3. The quark vertex has an additional factor from the
CKM matrix due to quark mixing.

2.1 Symmetries

It is common when discussing the fundamental interactions within the SM to frame
the analysis in terms of symmetries. The main symmetries that come under consid-
eration are referred to as C' (charge conjugation), P (parity), and T (time inversion).
The charge conjugation operation transforms a particle into its anti-particle without
affecting the chirality or spin of the particle. This means that a left-handed particle
will transform into a left-handed anti-particle. The parity transformation inverts space
which does change chirality. The time inversion operation reverses the direction of the
flow of time. Violations of these symmetries have been investigated for many years.
The charge conjugation and parity symmetries are broken by the weak interaction
since these processes are chiral in nature, transforming left(right)-handed particles to
right (left)-handed anti-particles. While the weak interaction breaks each of these sym-
metries individually, taking them both together, (C'P symmetry), it was thought for
many years that this was a preserved symmetry. In a model that preserves this C'P
symmetry the decay of particles would proceed at the same rate as the decay of the

corresponding anti-particles. The first bit of evidence that there is some disagreement



between the two decay rates is that the observed universe contains an abundance of
matter and essentially no anti-matter. As experiments became more sophisticated
and large numbers of decays were measured, C'P asymmetries have become more pro-
nounced. While there are mechanisms within the SM that allow C'P asymmetry, the

degree of the violation of this symmetry is as yet unexplained.



3 Flavor SU(3) in Cabibbo-favored D meson decays

Studies of non-leptonic decays of charmed mesons constitute a primary method of in-
vestigations into direct CP-violation in that system. Even though the experimental
precision for studying D decays has steadily improved over the past decade, theory cal-
culations have faced severe challenges. Precise numerical predictions of CP-violating
observables are not possible at the moment due to large non-perturbative contribu-
tions from strong interactions affecting weak-decay amplitudes. A way out in such a
situation involves phenomenological fits of decay amplitudes to experimentally mea-
sured decay widths of charmed mesons. If the number of fit parameters is smaller
than the number of experimentally measured observables, then predictions are possi-
ble. Such fits require a defined procedure on how to parametrize complex-valued decay
amplitudes [1].

One way to approach the problem is to note that the light-quark operators
in the weak effective Hamiltonian governing heavy-quark decays, as well as the initial
and final states form product representations of a flavor SU(3) g group. These product
representations can be reduced with the help of the Wigner-Eckart theorem. This way,
a basis is chosen, in which all decay amplitudes can be expanded in terms of the reduced
matrix elements. Such an approach was applied to both B-decays [2, Bl 4, [5] and D-
decays [0l [7, 8, 4, [5]. In the limit of exact SU(3)r symmetry, all decays of a triplet of
D-mesons, D', D™, and D, into two light octet meson states can be parametrized in
terms of five independent complex parameters [6]. We will refer to this approach as
the “SU(3)r matrix-elements approach.”

Alternatively, a topological flavor-flow approach can be used. Developed in the
study of B-decays [9, 10, 1T}, [4, 5], it has been applied to the charm sector [12, 13,14} [5].

The flavor-flow approach postulates a basis of universal flavor topologies for various



decay amplitudesﬂ SU(3)r symmetry can be used to relate decay amplitudes, as both
the light-quark final states and initial D-mesons transform under it. These universal
topological amplitudes can be fitted to the existing experimental data. Due to long-
distance effects, particularly rescattering among hadronic final states, often multiple
flavor-flow diagrams contribute to the same process. A subset of linear combinations
of flavor-flow amplitudes can then be identified as the basis set for the flavor-flow
approach.

The two approaches described above are equivalent if the number of reduced
matrix elements in the SU(3)r matrix-elements approach is equal to the number of
diagrammatic combinations in the flavor-flow approach, both describing the same set
of decay amplitudes. Such an equivalence has been shown in the of exact SU(3)p
symmetry [9 [14], as well as when first-order SU(3)p-breaking corrections are taken
into account [I5]. Here we revisit the question of equivalence of the two descriptions
and discuss the fit quality of the available data in both approaches.

Non-leptonic decays of charmed mesons can be additionally classified accord-
ing to the rate of suppression of the (leading-order) weak-decay amplitudes by the
Wolfenstein parameter, A = sinf ~ 0.2 [16], where # is the Cabibbo angle. Such am-
plitudes may contain zero, one, or two powers of A\. Weak-hadronic decays of charm
are, therefore, categorized into Cabibbo-favored (CF) decays (A o« ViV, ~ O(1)),

CcS

singly-Cabibbo-suppressed (SCS) decays (A « ViV, ~ O(\) where ¢ = d,s), and

cq " ug
doubly-Cabibbo-suppressed (DCS) decays (A oc V5V, . ~ O(\?)). Since such classi-
fication is external to QCD, both the flavor SU(3)r and topological flavor-flow ap-
proaches can, in principle, be used to parametrize all CF, SCS, and DCS amplitudes.
This can be considered as an advantage, as some fit parameters can be obtained from
the CF and/or DCS transitions and then used to predict CP-violating asymmetries
in SCS decays [17, 18, 19l 20, 21]. This is so because the quark-level transitions for

CF (¢ — sud) and DCS (¢ — dus) modes involve four distinct quark flavors that be-

'We remind the reader that while the flavor-flow diagrams do resemble Feynman graphs, they are
not computed in perturbative field theory due to large non-perturbative QCD effects.



long to the first two generations and therefore do not generate CP-asymmetries in the
Standard Model at leading order in A. To execute this program one needs to control
SU (3) p-breaking corrections in both approaches [7, [8 15, 22] 23].

Here we take a different look at the equivalency of the flavor SU(3)r and the
topological flavor-flow approaches. Since the Wolfenstein parameter A is external to
any QCD-based parametrization of decay amplitudes, one can, theoretically, dial any
value for it. In particular, setting A = 0 would only leave CF decays as experimental
data for a fit. It is interesting to note that in this case, in the SU(3)r limit, we
would be left with three irreducible SU(3)r amplitudes and four topological flavor-
flow amplitudes. In this paper we explore the equivalency of the phenomenological
descriptions of CF charmed-meson decays in light of this discrepancy.

This paper is organized as follows. In Section we review both the flavor
SU(3)r and topological flavor-flow approaches to CF charm decays. We extend the
discussion by including CF decays with the real n and 7’ states and present associated
fits. In Section [3.2] we discuss the connections between those two approaches. We

conclude in Section 3.3l

3.1 Cabibbo-favored decays in light of flavor-SU(3) symmetry

SU(3)r symmetry plays a prominent role in both the SU(3)r matrix-elements and
topological flavor-flow approaches. Both methods use the fact that the initial and
final states transform under some product representations of the SU(3)p group. In
particular, the initial state D-mesons, |D°),|DT),|Df), form a triplet of SU(3)r,
while the nine pseudoscalar mesons (7%, 7% K* K O,Fo,n,n/ ) contain both an octet
and a singlet. The two approaches differ by the choice of the “basis” parameters,
which we discuss below.

In what follows, we employ physical n and 7’ states that are constructed from



the SU(3) octet ng and the singlet 7, states using octet-singlet mixing,

n = —cosfng —sinfn,

n = —sinfng+ cosfny, (1)
where the octet ng and the singlet 7, states are defined as

ns = (u@+dd—2s5)/V6,

m = (ut+dd+s3)/V3, (2)

and 6 is the n—7' mixing angle. This mixing angle has nothing to do with weak decays
of heavy flavors and can be fixed externally, for example from B-meson decays [24] or
radiative decays of J/1 [25] into n and 7’ final states. Thus, we do not consider it a

fit parameter. Oftentimes, we will use § = arcsin(1/3).

3.1.1 SU(3)r matrix-elements approach

The SU(3)r matrix-elements approach uses the fact that the Hamiltonian governing
D decays into the light mesons also transforms as a product representations of SU(3) .

The quark-level Hamiltonian for CF D-meson decays can be written as

Her = %VudX/CZ(ud)(gc)+h.c. (3)

We begin by considering the Wigner-Eckart decompositions of the CF D — PP am-
plitudes using SU(3)r symmetry. An element of SU(3) can be represented using the
state |rY II3) where r is the irreducible representation (irrep) of the state, Y is its
hypercharge, while I and I3 stand for the isospin and its third component, respectively.

Under SU(3)r symmetry, the light quarks u, d, and s (and the respective antiquarks)

10



transform as the fundamental triplet (anti-triplet) represented by,

111 11 1 2
— 13,2 - = d) = |3.- - = _ |32 4
0 = [3355) 10 = Bggog). 19 = Bojoo). @
_ ~ 111 - ~111 _ =2
|U> - ‘37 _57 57 _§> ) ‘d> - 37 ga 57 §> ) |3> - 37 §7Oa0> . (5)

The charm quark (and anti-quark) is heavy and transforms as an SU(3)r singlet
represented by |1,0,0,0). Using this notation one can show that the CF Hamiltonian

in Eq. contains the irreps 15 and 6 [6], 8, [7] and can be represented by,

Gror o (oS
N A (108D +COf ) +he., (6)

where we have used the notation Og } 1, to denote the SU(3) operators, whereas A and
C represent their respective coefficients.

As mentioned previously, the final states transform under a product represen-
tation of SU(3)r. Since the octet-octet final states must respect Bose symmetry, we

only consider the following products of SU(3)F irreps,

[(84+1)x (84+1)]pp = (8X8)ym+ (8x1)+1,

= 27+ 8gxg + 8gx1 + Llgxs + 1. (7)

Note that there are two octets in Eq. : one from the octet-octet final state and the
other from the octet-singlet one.

Now, of the above irreps only the 27 and 8 appear in the products 15 x 3 and
6 x 3 needed to construct the states |H|D). Furthermore, 15 x 3 contains both a
27 and an 8, while 6 x 3 contains only an 8. Therefore, it appears that D — PP

amplitudes can be represented using the following three independent reduced matrix

11



elements.
Ay = (2710%13) , As = (8|0™)3), Cs = (80°3) . (8)

These reduced matrix elements depend on five real parameters — three magnitudes and
two relative strong phases (one overall phase can be ignored). The amplitudes for the
CF D — PP processes can be constructed using these reduced matrix elements. As
there are two different octets in Eq. , in general this would imply two additional
reduced matrix elements for the O™ and 0% operators, Ag) and Cél) respectively.
In Section we will show that indeed in order to get a complete description of
these decays one must include these additional matrix elements that correspond to the
SU (3) p-singlet final state.

Assuming them to be the same, Aél) = Ag and C’él) = (g, which can be
motivated by a nonet symmetry, the final states containing physical  and 1’ contain
an admixture of singlet and octet SU(3)r amplitudes. The decay amplitudes into

those final states can be written as shown in Table [[] Assuming, for simplicity,

Decay Representation
D — Fon ﬁg [(3A27 — 2Ag +/10C%) cos 0 + 2(/10Ag — 5C) sin 9}
D — fon’ ﬁg [(3A27 — 245 + V/10C%) sin 6 — 2(y/10Ag — 5C%) cos 49]
Df — 7ty #g [(3A27 — 245 — 1/10C%) cos 0 — (v/10Ag + 5C5) sin 9]
Df — oty ﬁg [(3A27 — 2Ag — v/10C%) sin 6 + (v/10Ag + 5Cy) cos 9}

Table 1: n — n decay-amplitude representations with Ag) = Ag and C’él) = (g in the
SU (3)r matrix-elements approach.

0 = arcsin(1/3), all CF decay amplitudes can be written in terms of only three complex
parameters of Eq. . We provide a representation of the decay amplitudes in terms
of those parameters in Table [2] These matrix elements can be fit to experimentally-
measured branching ratios.

The measured branching ratios, B, for the CF D — PP decays are given in

Table The absolute value of each decay amplitude can be determined from the

12



Decay S U(3)r Amplitude
DY = K—r+ ViV 1 (\/—A27 + V245 — V5C)
DY — K7 'S CEViaVs & (342 — 245 + v/10Cs)
DY = K'n SEV,aV, 15f (sz27+ V2(V/5 — 2)As — V5(V5 — 2)Cs)
D° - Ky C&‘gvudv; 57 (3As7 — 2(1+ 4v/5) Ag + V/10(1 + 4/5)Ck)

Dt 5 Kont ?[V aVo \[A27
Dj—)EOKJ“ Ve 3 (V2Asr + V245 + V5Cs)

GF
Gy,
Di =ty | SEViaVE 151f (6\/_A27—\/_(4+\/_)A8—\/_(4+\/_)C’8)
Df = aty | SEVL.VE 5 (34 +2(2v/6 — 1) Ag +v10(2V5 — 1))

Table 2: SU(3)r matrix-elements representation of Cabibbo-Favored Decays in the
Standard Model. Note that the n — n" angle 6 = arcsin(1/3).

measured branching ratios using,

Sthm?% B
|AD—>PP| = \/ Tip*D_)PPa (9)

where p* refers to the magnitude of the three-momentum of each final-state pseu-

doscalar in the D-meson rest frame. Since there are eight measured D — PP branch-

Meson | Decay | Branching Ratio (%)
DO | K-nt 3.950 & 0.031
Rono 2.480 + 0.044
Ky 1.018 & 0.012
Ky 1.898 + 0.064
Dt | B'xt 3.124 + 0.062
Dt | KK+ 2.95 +0.14
7 1.70 £ 0.09
iy 3.94+0.25

Table 3: Experimental branching ratios for CF D decays taken from [20].

ing ratios that depend on five real parameters (three magnitudes and two relative
phases of three reduced matrix elements), a y?-minimization fit can be employed to
determine the parameters. Such a fit has three degrees of freedom. We perform a fit

by constraining the A,; amplitude to be purely real and find,
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X2/ dof = T7477/3,
Ay = (0.279 £ 0.002) GeV?,
As = (0.840 4 0.008) ¥V GeV3,

Cs = (0.1740.02) 73827 GeV3, (10)

Clearly, the fit is very poor. This leads us to believe that the above description of CF
D — PP decays in terms of the minimum number of SU(3)r reduced matrix elements
is incomplete and needs to be modified.

In the next section we discuss another parametrization of the same matrix
elements, in terms of the topological flavor-flow amplitudes. We again identify the
minimal set of basis amplitudes to describe the CF decays in the flavor-SU(3) limit.
This minimal set appears to work better, seemingly providing an adequate description

of CF decays, including those with the n and " mesons in the final state.

3.1.2 Topological flavor-flow approach

The eight CF D — PP decays can also be described in terms of topological flavor-flow
diagrams using SU(3) r symmetry, as discussed in Ref. [27]. Based on the Hamiltonian
in Eq. , the amplitudes for the CF D — PP decays can be represented using four
flavor topologies shown in Fig.|3] The basis of the topological amplitudes is obtained
by identifying the color-favored tree ("), color-suppressed tree (C'), exchange (F), and
annihilation (A) amplitudes. These four topological amplitudes depend on seven real
parameters, four magnitudes and three relative phases (once again one overall phase
is ignored).

The amplitudes for CF decays with at least one n or 7' meson in the final
state have explicit dependence on the n — ' mixing angle. The topological flavor-flow
representation for these decays are given in Table [4]

Once again employing 6 = arcsin(1/3), in Table |5, we express all CF D — PP

14
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(a) Color-favored tree (1)
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(c¢) Exchange (F)
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(b) Color-suppressed tree
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q
g
a" u

(d) Annihilation (A)

Figure 3: Topological flavor-flow diagrams used to describe CF D — PP decays.

Decay Representation
D° Ky | SEVaVz (S24(C — E) + 228(C + 2E)
v YudVes "6 V3
70 * sin cos
DY = K | “EViaVy (B2(C — E) — %(C +2E)
Df = | ViV (20T — A) — BT +24)
D =ty | EV.VE (BRHT - A) + (T +24)

Table 4: Amplitudes for n — 1’ CF decays in the topological-diagram representation
with the assumption that the octet and singlet diagrams are equal.

decays in terms of flavor-topological diagrams.

The above diagrammatic description of the CF D — PP processes leads to

a parametrization of the eight decay modes in terms of seven real parameters. This

time, with one remaining degree of freedom, a y?-minimization fit can once again be

performed. We perform such a fit by constraining 7" to be purely real and find,

15



Decay Diagrammatic Amplitude

DY — K-rnt “EViaVi (T + E)

D° = KOOWO SEV,.aV5 (C - E)

D’ — K \G/§Vud‘/c§ fc

D' R | Sy (—&) (€ +3E)
Dt - Kt SEV,.aVE (C+T)
Df 5 KK+ SEV.AVE (C+ A)

D:;: — W:n/ %vudv; I(T — 24)
D — 7ty SEVLVE Z(T + A)

Table 5: Amplitudes for CF D decays expressed in terms of SU(3)r flavor-topological

diagrams.

X12nin/d0f -

= = Q
I

1.36/1 ,

(0.366 £ 0.003) GeV? |

(0.298 = 0.002) /(- 1L000° Gey3 |
(0.201 £ 0.004) ¢ (1193208 Gey3 |

(0.04 £ 0.01) €/©3£9° GeV? |

(11)

This fit appears to be excellent, suggesting that the diagrammatic representation of

CF D — PP decays aligns well with experimental measurements. Note that the dia-

grammatic approach has one additional complex-valued amplitude (i.e. two additional

real-valued parameters) compared to the SU(3)r matrix-elements approach. We ob-

serve a significant decrease in the minimum value of x? even though the diagrammatic

description is still overdetermined, i.e. there are more observables than parameters.

In the following section we investigate the differences between the two ap-

proaches and present an argument for greater consistency between the two parametriza-

tions.
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3.2 Connections between flavor-flow and matrix elements in
SUB3)r

An obvious difference between the two approaches presented in the previous section is
that, even in the limit of exact SU(3)r symmetry, the minimal bases contain different
numbers of complex independent parameters: three in the matrix-elements approach
and four in the flavor-flow approach. Yet, we expect an equivalence between the
two approaches [9, 14]. The implication is either that the SU(3)r matrix-elements ap-
proach described above is incomplete or that the diagrammatic approach has too many
parameters. A key observation that follows is that the one-to-one correspondence be-
tween group theory and diagrams is possible to achieve by treating the decays involving
only octets separately from those also involving singlets. In order to demonstrate these
separate correspondences, in Table @, we have listed the SU(3)r matrix-elements and

flavor-flow representations side-by-side.

Decay \ Matrix Elements \ Diagrams
SU(3)r octet-octet final states
D’ — K~nt % (\/§A27+\/§A8_\/508) T+ FE
D° — FZWO L (3497 — 245 + V/10C) (C - EB)/vV2
DO s [_(0778 —m (3427 — 245+ V10Cs) | —(C — E)/V6
DJr — K 7T+ \/L§A27 T + C
D;‘r — ?OK—F % (\/§A27 + \/§A8 + \/SCS) C + A
D;_ — 7T+7]8 ﬁg (—31427 + 2A8 + \/1_008) —2(T — A)/\/é
SU(3)r octet-singlet final states
DY = K'm — = (V245 — V/5Cs) —(C+2E)/V/3

Table 6: Amplitudes for CF D — PP processes using the SU(3)r matrix-clements
and flavor-flow representations. We have separated decays to final states involving
octets only and those also involving singlets. Overall factors containing G and Vg,
that are identical in both representations, have been left out for brevity.

Focusing our attention, first, on the octet-octet final-state amplitudes in Table
@, we see that there are six decay amplitudes that depend on three SU(3)r reduced ma-

trix elements. Therefore, there must be three relationships between these amplitudes.
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They are,

AD® — K1) + VEAD® — K% = A(D* — K'r), (12)
AD” = K'r% + VBAD® —» K'ns) = 0, (13)

V2ADY - K7t + VBADY » 1tns) = VZADY - K'K).  (14)

These relationships match with sum rules previously demonstrated in Ref. [28]. Of
these relationships, the first is a consequence of isospin symmetry, while the other two
originate from the full SU(3)r symmetry. Note that these relationships are satisfied
by both matrix elements and diagrams. Although there are still four diagrams in
play, every amplitude can be written in terms of three distinct linear combinations
of them. One can establish a one-to-one correspondence between the combinations of
these diagrams and matrix elements as follows. The SU(3)r reduced matrix elements

can be expressed in terms of the flavor-flow diagrams using

Ay 0 V2 0 T+E
Ag| = |22 V2 22| |T+C|. (15)
Cy -5 0 B |c+ A

Since the transformation matrix has a non-zero determinant it is invertible thus estab-
lishing a one-to-one correspondence. Next, we turn our attention to the octet-singlet
final state amplitudes in Table[6] Here, there are two decay amplitudes that depend on
two SU(3)r reduced matrix elements and two combinations of flavor-flow diagrams.
Once again, the reduced matrix elements can be expressed in terms of diagrammatic

amplitudes using

Ag Vb YO 04 2E
= (16)
Cs -3 3| |T+24

Here too, we see that the transformation matrix is invertible and a one-to-one corre-

spondence exists.
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Although Egs. and establish a one-to-one correspondence between
matrix elements and sets of flavor-flow amplitudes, it is easy to see that the correspon-
dences are not the same. On the SU(3)r matrix-elements side this can be traced back
to the definitions: while the 27 appears only in the 8 x 8 final states, the 8 appears in
both 8 x 8 and 8 x 1. In principle, these final state octets are different and the corre-
sponding amplitudes should be treated as such. On the side of topological flavor-flow
amplitudes, similarly, this implies distinct diagrams for octet-octet and octet-singlet
final states. In order to make these distinctions clear for the matrix elements, we use

the following (re)definitions.

Ay = <27|Oﬁ|3>, Ag = <88X8|0ﬁ|3>, Cs = (8s,s|0%3),  (17)

4D = (85al0™3) . O = (85a]0%3) (19

For diagrams, we simply add the subscript 1 to represent the octet-singlet final states.
Since these changes affect only the octet-singlet final states part of Table [6] we have
listed the changes in Table [7]

Decay ‘ Matrix Elements ‘ Diagrams
SU(3)r octet-singlet final states

DO Koy |~k (\/5,4;” _ ﬁcg”) —(Cy +2E)/V3
Df =ty | & (\/ﬁAg” + \/ch)) (T1 +241)/V3

Table 7: Amplitudes for CF D — PP with octet-singlet final states using SU(3)r
matrix-elements and diagrams. Overall factors containing G and Vcky, that are
identical in both representations, have been left out for brevity.

Let us, now, reconsider the y? minimization fits presented in Section in
light of the newly-defined amplitudes. The SU(3)r matrix-elements approach for the
fits involved three complex-valued amplitudes (As7, Ag, and Cy), rather than the five

defined here (Ag7, As, Cs, Ag), and Cél)). The implicit assumptions in the fit were,
AP = Ay, and C{Y = Cs. (19)
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The results of the fit were poor showing that matrix elements for the octet-octet
and octet-singlet final states may not be identical. On the other hand, the diagram-
matic approach involved four complex-valued amplitudes (7', C, E, and A), as opposed
to eight (T,C, E, A, T1,C1, E1, and A;). The diagrammatic fits, therefore, assumed
X = X; where X =T,C,E, and A.

In either scenario, matrix elements or diagrams, the parametrizations estab-
lished in this section are insufficient by themselves to produce a reasonable fit. Both
parametrizations are equivalent as established above, and as such there are five complex-
valued amplitudes which correspond to nine real-valued parameters (five magnitudes
and four relative phases). With only eight branching ratios to fit, lack of additional
input will lead to overfitting. Clearly, additional input is necessary to perform a fit.

On the SU(3)r matrix-elements side a fit was made possible by the assumption
that the reduced matrix elements for octet-octet and octet-singlet final states were
the same. These assumptions put two complex constraints reducing the number of
fit parameters to five. The resulting fit was rather poor. On the other hand, the
flavor-flow side assumption that individual diagrams corresponding to octet-octet and
octet-singlet final states are the same led to four complex constraints reducing the
number of fit parameters to seven. The resulting fit was good.

Due to the established equivalence between the SU(3)r matrix-elements and
topological flavor-flow approaches, one naturally inquires about the consequence of ei-
ther set of assumptions on the alternate parametrization. The SU(3)r matrix-elements
side assumptions, Ag) = Ag and C’él) = (%, lead to the following relationships on the

topological flavor-flow side,

(T+C)+5(E+A)]—V5[(T1+C) +2(E, +4,)] = 0, (20)

V5((T =)+ (E = A)+ [(T1 = C1) = 2(Ey — A)] = 0. (21)

Similarly, the flavor-flow side assumptions that X = X; where X = T,C, F, and

A, lead to the number of reduced matrix elements being greater than that of the
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flavor-flow amplitudes. Then, the relations of Eqgs. and lead to the following

phenomenological relationship on the SU(3)r matrix-elements side,
34y +845—4/5A0 = 0. (22)

A fit performed with As7, Cs, Aél), and C’él) as the available matrix elements, but with
Ag constrained through the relationship in Eq. , yields identical results as the
diagrammatic fit assuming an equivalence between octet-octet and octet-singlet final

states. We find,

2 /dof = 1.36/1
Ay = (0.256 +0.003) GeV? |
Cs = (0.357 4+ 0.010) (D Gays
Az(sl) = (0.7140.02) (6T GevB

cV = (0.348 +£0.005) ¢! 1432 GeV? (23)

Note that neither Eqs. and , nor Eq. automatically imply under-
lying relationships between the related parameters at a fundamental level. However,
the fact that the fit on the diagrammatic side is far better than on the matrix-elements
side, indicates a phenomenological preference for Eq. .

For the sake of completeness, we performed additional seven-parameter y>-
minimization fits to the data, each time changing the input relationship between the
SU(3)r matrix elements. The minimum values of x? obtained in these fits are listed in
Table [8. We see that all but one of the fits appear worse than the fit with octet-octet
and octet-singlet diagrams set equal to each other. The fit that has a smaller minimum

x? is one where we imposed the relationship C’él) = (Cy. For this fit, we find,
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Input relationship i

Ay = 0 2660

arg(Aél)) = arg(As) and arg(Cél)) = arg(Cg) | 175
arg(Aél)) = arg(Cél)) and arg(Ag) = arg(Cs) | 162
Ag = 0 160

Cs =0 88.2

AL =0 9.31

AV = Ay 8.32

o’ =0 7.80

ALY = |As| and |5V = |Gy 3.05

3 Ay +8A4s—4y5A0) = 0 1.36

AL = [C"] and A5 = |Csl 0.937

o) = 0.801

Table 8: Input relationships between SU(3)r matrix elements used to perform y?
minimization fits, listed in descending order of minimum y? value obtained in a fit.
Each input relationship adds two real-valued constraints. The corresponding fits each
have one degree of freedom. arg(X) refers to the phase of the matrix element X.

X2i/dof = 0.801/1,
Ayr = (0.253 £0.003)GeV?,
As = (1.021 4 0.009) ¢'£D° GeV?,
Cs = (0.089 £ 0.005) ¢ (=359)" GeV?,

A = (079 +0.02) ¢/CH0ED? Gev?, (24)

Diagrammatically, this input relationship is equivalent to Eq. on the flavor-flow
side.

We conclude this section with the following observation. Since in the most gen-
eral case the number of basis decay parameters exceeds the number of experimentally-
measured CF decay modes, additional assumptions must be employed to extract in-
dividual reduced matrix elements or flavor-flow amplitudes presented above. Yet, the
relations such as Eqgs. and are rather general. This allows us to make a com-

ment regarding hadronic final state interactions (FSI) in charm. In the SU(3)g limit
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FSI cannot change the values of the reduced matrix elements. In other words, action
of the strong interaction S-matrix on the basis of the SU(3)p reduced matrix elements
leaves this basis invariant. This is not necessarily so for the individual flavor-flow am-
plitudes. Yet, the combinations of these amplitudes are preserved under strong FSI.
Extraction of the magnitudes and phases of the individual amplitudes is only possible

with additional assumptions.

3.3 Conclusions

Nonleptonic decays of charmed mesons provide plethora of interesting information
about QCD dynamics in its nonperturbative regime. In this paper we discussed two
phenomenological parametrizations of those decay amplitudes based on SU(3)p sym-
metry, which have been proven equivalent in the decays of B-mesons.

We argue that application of such parametrizations to charm decays require care
due to insufficient number of experimentally-measured decay models and the presence
of final state interactions. Noting that the Wolfenstein parameter A is external to
any QCD-based parametrization of decay amplitudes, the equivalency of the flavor
SU(3)r and the topological flavor-flow approaches must be separately realized for
the Cabibbo-favored decays of charmed mesons. Including decays to the physical n
and 7 mesons in our description, we find relationships between the basis parameters
of the flavor-flow amplitudes. This can be interpreted from the point of view that
quark rescatterings imply that only certain linear combinations of flow diagrams can
contribute to the decay amplitudes. We presented extractions of the basis amplitudes

in two approaches under various assumptions.
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4 R-parity Violating Supersymmetry

Weak decays of charmed mesons, D°, D", and D}, are dominated by tree-level contri-
butions in the Standard Model (SM). Since the tree-level decays of the charm quark
involve transitions between the first and second generation quarks, the CKM matrix
elements that come into play (the upper-left 2 x 2 block of the CKM matrix) are
either unsuppressed, or suppressed at most by one power of the Wolfenstein param-
eter (A ~ 0.2) [16]. Depending on the power of A in the decay amplitude, weak
hadronic decays of charm are therefore categorized into Cabibbo favored (CF) decays,
proportional to the product ViV, , ~ O(1); singly-Cabibbo suppressed (SCS) decays,

CcSs

proportional to ViV, ~ O(A) where ¢ = d, s; and doubly-Cabibbo suppressed (DCS)
decays proportional to VXV, .~ O(\?).

The CF, and DCS modes involve only distinct quark flavors, and as such receive
no SM penguin contributions E] The SCS modes receive SM penguin contributions,
however, the associated direct CP violation appears to be CKM suppressed by O(A\?).
Since large direct-CP asymmetries require two amplitudes that are comparable in size,
but have different weak and strong phases, the above anatomy of charm decays leads
to very tiny predictions for direct-CP asymmetries within the SM [29].

The LHCb Collaboration has observed a difference between direct CP asym-
metries in D® — KTK~ and D° — 777~ decays using 5.9 fb~! of data at 13 TeV [30].

A combination of measurements (new and old, as well as 7— and u—tagged D° decay

data) leads to the result,
AAcp = (=154 +£2.9) x 107 (25)

This result establishes that the direct CP asymmetry in charm decays is more than

2These modes can receive contributions from highly-suppressed SM box diagrams
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five standard deviations away from a null hypothesis. Moreover, since the measured
central value of this AAcp is several times larger than its prediction within SM theory
[29], it presents an opportunity for intrigue. An earlier LHCb measurement on AAcp
in these same channels [31] had pegged the central value of this observable at several

times the current measurement,

AAcp = [~0.82 4 0.21(stat) £ 0.11(syst)] %, (26)

and led to several theory papers on how to explain the discrepancy between the mea-
surements and the predicted value, including suggestions of dynamical enhancement
of the SM penguin contributions [32, 33 34, 35, 36l 37, B8], as well as models of
new physics [39, [40], 411, 42] [43]. Some of us had emphasized the role of flavor-SU(3)
symmetry in the decay of charm quarks [44], 45] 12, [46].

In the present paper we first explore the phenomenology of charmed meson
decays in light of SU(3) symmetry. We treat the CF decays separately from the SCS
decays to determine a baseline for the amplitudes of the contributing diagrams and
show they are insufficient to account for SU(3)p breaking. We then consider R-parity
violating (RPV) supersymmetry (SUSY) as an example model for understanding the
difference between SM predictions and the LHCb measurement. The paper is organized
as follows. In Section II we describe the flavor SU(3) approach to charm decays and
present associated fits. In Section III, we introduce RVP SUSY as a potential model for
lifting the discrepancies between theory and experiment. In Section IV we determine
constraints on these couplings from other processes. In Section V we perform fits to
determine the couplings. In Section VI we analyse these contributions to the generation

of neutrino mass.

4.1 Flavor-SU(3) symmetry in charmed meson decays

We begin by characterizing CF decays of D, D+, D mesons using four distinct flavor

topologies, “color-favored tree” (T'), “color-suppressed tree” (C'), “exchange” (F), and
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“annihilation” (A), as described in Refs. [47, 48|, [49] 50]. As such, the decay amplitude
corresponding to each topology is a parametric representation of the flow of light-quark
flavor (u,d, s) in the corresponding process. The topological amplitudes then include
not only the short-distance contributions arising from weak interactions, but also any
contribution from final-state interactions that typically occur at long distances. This
is represented by the observation that, although in theory four topological amplitudes
represent the CF decays, a fit to experimental data reveals that they cannot all be
real. In fact, when the four topological amplitudes are represented by four magnitudes
and three complex relative phases, one finds that all three relative phases are very
different from zero, indicating large final-state interactions.

To determine the structure of these diagrams we first determine the effective
Hamitonian for the transition ¢ — d*ud" within the Standard Model. The basic vertex

is shown in Fig. [d with the vertex factor given by

q’

Figure 4: The basic SM vertex
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(27)

where Vj; is the CKM matrix element. The amplitude of the ¢ — dkuc_lk/

transitions is then given by

2
% —k _ ’
M = 2—2512 eV doy*cra Ugvudy g (28)
w

after integrating out the W boson, and now we have the effective Hamiltonian.

The effective process is represented by the Feynman diagram shown in Fig.

 4Gp,

—k _ ’ GF « —k _ /
Hsfl}/[ =/ eV AoV Lo Uﬁwdk V! (da ca> . <u5 dg)V_A (29)

LB:E ck

d~
Figure 5: The Standard Model interaction
The diagrams T,C, F, and A are then obtained by taking the appropriate

contractions for the process of interest. For example, if we consider the process

D' — K7t we have
G - (—=k )
-+ SM| 0\ _ F 1 s , — — —
(K7t |Hy' |DY) = 7 i Vak <su ud| <da Ca)V—A (uﬁ d5>V_A |cu> (30)

This matrix element can be contracted by contracting the quarks in the op-
erator with the quarks in the initial and final states, keeping in mind that the color
structure must also be maintained. The quarks/antiquarks that comprise the mother

and daughter mesons must be the same color/anticolor, this is accomplished through
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color Fierz transformations. This procedure is explained more fully in Sec. 4.3} Look-
ing at all of the possible ways that these contractions can be accomplished results
in 4 distinct tree-level topological classes [51]. These classes can be represented by
diagrams. The diagrams are shown in Fig. [6] and will be used throughout the rest of

this paper.

c d¥
a° u
c d*
a*
q q q q
c a
c o q
q
< .
q
a T - u

Figure 6: The T, C, E, and A topological diagrams in the Standard Model.

Meson | Decay Representation Branching Ratio (%)
D | K nt | SEViVu(T + E) 3.950 4 0.031
K'n® | SEVAVis(C - B) 2.48 4 0.044
-0 _ Gry/*
fon LV Viag5C 1.018 £ 0.012
fo || ViV (C +3E) 1.898 + 0.064
Dt | Krt “EViVua(C +T) 3.124 + 0.062
D; |K'K* | SEViVi(C+A) 2.95+0.14
Iy Gg ViV W(T 2A) 1.70 £ 0.09
ot Gg VoVaa (T + A) 3.94 4 0.25

Table 9: Flavor-topological representations and experimental branching ratios for
Cabibbo-Favored D decays. The branching ratios were taken from the Particle Data
Group (PDG) [52], and uses data from BESIII ([53]), and CLEO([54]) Collaborations.

Flavor-SU(3) symmetry dictates that the exchange and annihilation diagrams

contribute to the decays in which they participate equally, without regard to whether

28



they couple the charm quark to a down or strange quark. The reason for assuming
this symmetry is that when the W boson is integrated out of the amplitude, we obtain
a single 4-quark vertex and the amplitude should just depend on the topology of
the contraction and not on the flavors involved in said contraction. Now we turn to
analyzing the Cabibbo-favored decays to see how well this effective theory agrees with
data obtained through experiments.

The branching ratio for a two-body D-meson decay can be expressed in terms

of the decay amplitude A as,

|pp|
B(D — PP) = Py A7, (31)
D

where pp represents the three momentum of the daughter pseudoscalars in the D-
meson rest frame, while mp and I'p respectively represent the mass and width of
the decaying D meson. The experimental branching ratios for the eight CF D-meson
decays to a pair of pseudoscalars are given in Table [9] alongside the flavor-topological
representation for each decay assuming flavor-SU(3) symmetry. The eight data entries
in Table [9] depend on a total of seven parameters — four magnitudes and three relative

phases. We perform a fit to extract these parameters, and present our results in Table

1a

Diagram || Magnitude ((GeV)?) | Phase (Degrees)
T 0.352 £0.003 0
C 0.286 = 0.002 —151.0+0.4
E 0.193 =0.003 119.3 £ 0.8
A 0.04 £0.01 639

Table 10: Magnitude and relative strong phases of flavor-topology amplitudes T, C| E,
and A, describing CF D — PP decays under flavor-SU(3) symmetry. These param-
eters were extracted using a y?-minimization fit to the Table [9] data. The minimum
x? for this fit was 1.37 (one degree of freedom) indicating an absence of flavor-SU(3)
breaking in CF D decays. This fit also leaves little room for new physics in CF D
decays.

Working entirely within the SM, we find that the data and the theory work
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very well if we limit our observations to just the Cabibbo-Favored decays. Considering
just the CF decays (Table [9) and we obtain a x?/d.o.f = 1.37/1, which indicates a
very good fit. The results of this fit are given in Table From this fit it is clear that
there is little room for andy new physics in the CF decays of D mesons. However,
when we take these fitted values and apply them to the SCS decays involving just the
kaons and pions we get very poor agreement between theory and experiment. This is
shown in Table [L1], and we see that the poorness of the fit arises mainly from the SCS

decays that involve an exchange diagram (FE).

: Exp. BR Pred. BR 9
Meson | Decay SM Diagrams (x10-3) (x10-3) X
DY | atn EViVua(T + ) 1.455 + 0.024 2.254 1108
7070 TEViVaua 75 (C — E) 0.826 =+ 0.025 1.409 544
KtK- %nzvus(T + E) 4.08 + 0.06 1.93 1284
K KO SE (ViVua + VaVa) B | 0.282£0.010 0 795
D+ 7r+7r_00 _G—ngg;vud%(T +O) 1.247 +0.033 0.893 115
KtK e (VaVusT + ViVuaA) 6.08 +0.18 5.815 2.2
Df | ntK° E(ViVudT + Vi VisA) 2.44 4 0.12 2.94 17
Kt || S (—ViVuaC + ViVusA) | 0.63 £0.21 0.84 1
Table 11: The Singly Cabibbo Suppressed Decays involving kaons and pions. The
primes indicate that these amplitudes are proportional to A = tanOcappine = -2307.

The predicted Branching Ratios are obtained using the parameters found in Table .

Upon inspection of the D° SCS decays it is immediately obvious that there is
some SU(3) breaking since the D° — K'K° decay has a measured non-zero amplitude.
The diagrammatic amplitude is zero because of cancelation between ¢ — d and ¢ — s
exchange topologies. We assume here that these exchange diagrams involving the d
and s quarks do not cancel. To accomdate this we distinguish the two diagrams F¢ and
E? indicating the transition of the charm quark in the decay. This choice is motivated
in part by the non-zero measured branching ratio of the D® — K°K° decay and also
because the main source of discrepency between theory and experiment is in processes
that involve the exchange diagram. We introduce the SU(3) symmetry breaking by

splitting this diagram into two separate diagrams. This allows us to perform another
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fit using the CF data and the SCS decays of the D° meson. We make the definition

_Ed+ES
N 2

E

(32)

for the CF decays and distinguish £¢ and E* in the SCS decays. This gives us the

decay amplitudes listed in Table [12]

Meson | Decay SM Diagrams
D° 71'—271'; G% CEVudl(T + Ed)d
T T VeaVui5(C — E7)
KYK™ | SEVIV, (T — EY)
-0 * S *
KK | SE(ViVi B + ViV BY)

Table 12: The Singly Cabibbo Suppressed Decays involving only D° for a fit assuming
SU(3) Flavor symmetry breaking in the exchange diagram. E? indicates ¢ — d and

FE? indicates ¢ — s.

Using this parameterization we find a much better fit to the data with a

x?/dof = 30.5/3. Which is much better than simply using the CF results to pre-

dict the SCS decays. The results of this fit are as follows (in units of (GeV)?):

T = 0.354 + 0.003
C = (0.286 + 0.003) e~ 15L:5£04)°
A = (0.03 £ 0.01)e 61"

E? = (0.180 £ 0.006)¢(139-0£0-8)°

E* = (0.2007 £ 0.005)e(103:6+0-5)°

(33)
(34)
(35)
(36)

(37)

Another method of introducing SU(3) symmetry breaking is through the use

of a penguin amplitude, P, for ¢ — u transitions [I3]. This is normally thought to be

very small because the contributions from the d and s quarks cancel each other in the

intermediate state. If we assume this cancellation is inexact we can use the penguin

as a proxy for SU(3) violation. We also introduce a penguin annihilation amplitude
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(PA) that contributes only to the D decays. We also account for any SU(3) breaking

in the SCS T" amplitude by considering the following expressions

TDOHW+TF_ = TD+*>7T+TI'O = TD;"_M—JrKO = T7r7 (38)

TDOHKJFK* = TD+—>K+KO = TK (39)

This gives us a relationship between the CF T amplitude and the SCS T am-

plitudes and we find that they are related through form factors as follows:

2
T =T. f+ DO—m— )(mg) / ; (40)
fro—r-y(mZ)| mp —mi
f+ DO K- )(mﬁ() fr
Tk = - — 41
A f+(D0—>K*)(m72r) Jr (41)

Where we have neglected the contribution from f_(¢*) at ¢ = m, x. We are

also able to introduce SU(3) breaking through the SCS A amplitudes:

fp+
Apiere = 4 o = Ap+ (42)
ADj—>w+K0 = ADj—>K+w0 = 4 (43)

The decay constants [55] and meson masses [52] (in GeV) are:

fr=013041; fx =0.1544; fp+ =0.2074; fpr = 0.2472; (44)

mpo = 1.8648; m, = 0.13957018; mg = 0.493677. (45)

and the approximate values for the form factors |56, [57] are obtained from semileptonic

decays:

| foommy(m2)] = 0.616, | f1(pok—(m2)| ~ 0.768, (46)
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With these definitions we now have that the SCS decays are parameterized in

Table [13
Decay Mode Amplitude Representation (¥§837AGI2%) (I:Ii%d;7AéI; 2/) x?2
DO — mtm- G—gg [V \Vua(Tr + E) + (P + PA)] 4.71£0.04 4.72 .08
DY — KTK— 5 V& Vus (Tk + E) + (P + PA)] 8.51 + 0.06 8.43 1.5
DO — 7070 SE L [V Vua(E — C) — (P + PA)] 3.54 4 0.05 3.38 8.7
Dt — 7t q0 — G Yeatud (T, 4 C) 2.74 £ 0.04 1.99 396
DO - KK GE ((ViyVua + VéiVus)E — (P + PA) + P 2.24 +0.04 2.26 21
Dt - K+K’ % (VA VusTr + VA VaaAps) + P) 6.53 £ 0.05 6.70 10.6
Dt — T KO GTI; (Vi VudTr + Vi VusA) + P] 5.8+0.1 6.98 64
G
D — nOK+ T J5 [(=ViVuaC + Vi Vus A) — P 3.0£0.5 4.24 6.8

Table 13: The SCS decays involving the penguin (P) and penguin annihilation (PA)
amplitudes.

We run a y-minimaztion fit on just the first three amplitudes to obtain a value

for P+ PA, which leads to

P+ PA=(28+0.1)e1%1200° 5 1077 GeV;  x?/dof = 9.7/1 (48)

Using this result and the final four amplitudes in Table [I3| we obtain a value
for P by itself

P = (1.60 + 0.05)e' D% 5 1077 GeV;  x%/dof = 81.3/2 (49)

which leads to

PA = (2154 0.11)e"™*° x 1077 GeV (50)

We see that this fit is not very good. The main sources of discrepency are the
Dt — 777 and D} — 7t K° amplitudes.
One other thing that can be done with the CF and SCS decays within the SM

is to consider the mixing angle 0, as a free parameter. We adopt the definition

n = —ngcosb, —msinb,, n = —ngsinb, + n cosb,, where (51)
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ns = (uT + dd — 255)/V/6,

m = (uti + dd + s3)/V/3

(52)

This leads to expressions for the CF decays involving 1 and n’ which are given

in Table [14]
Decay Representation
DO — Kon Gg Vi Via _C’ <—\/i6 cos b, — \/ig sin€n> + F (% cos b, — % sin 0 >
DO — Fon’ G;{/C*;Vud C (\/Lg cos 6, — \/Lgsinen> + F (\[0039 + \[sme )
Df — 7ty G’;V;Vud _T (\% cos b, — \%sin&n> + A (—7 cos b, \/gsm9n)_
Df — 7ty GZVC’;Vud T(\[COSQ +\fsm0 >+A<\[0089 ﬁsin9n>
Table 14: Ampitude representation for the CF decays involving n and

Including 0, as a free parameter in a fit on the CF decays leaves us with zero

degrees of freedom, but we obtain a x? ~

in units of (GeV)3.

1075

T = 0.360 £ 0.006

C:

B =

A:

9:

(0.30 £ 0.01)!(~151.5%0:5)°

(15 + 3)°

(0.18 & 0.01)e!121£2°

(0.05 + 0.01)¢!(32£20)°

. The results of this fit are given here

These results are in very good agreement with the fit done without using 0, as

a free parameter. The value of 6, is close to the accepted value of ~ 19.5°.

The purpose of doing these fits has been to test the SM. We have found that

the SM is sufficient in describing the Cabibbo-favored decays but is lacking when we

consider the Singly-Cabibbo-Suppressed decays.

We have attempted to account for

the deficiencies in the SM by introducing flavor-SU(3) symmetry breaking in various

ways and have seen that the disagreement between experiment and theory is somewhat

explained but there is still much room for improvement. Something more drastic that

merely introducing the symmetry breaking must be considered.
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4.2 R-parity Violating SUSY

In supersymmetric models, R-parity invariance is often imposed on the Lagrangian
in order to maintain the separate conservation of baryon number and lepton number.
The R-parity of a field with spin S, baryon number B and lepton number L is defined
to be

R = (—1)25+3B+L (58)

R is +1 for all the SM particles and —1 for all the supersymmetric particles.

The presence of R-parity conservation implies that super particles must be
produced in pairs in collider experiments and the lightest super particle (LSP) must be
absolutely stable. The LSP therefore provides a good candidate for cold dark matter.
There is, however, no compelling theoretical motivation, such as gauge invariance, to
impose R-parity conservation.

The most general superpotential of the MSSM, consistent with SU(3) x SU(2) x

U(1) gauge symmetry and supersymmetry, can be written as

W = Wg+ Wy, (59)

where Wk, is the R-parity conserving piece, and Wy breaks R-parity. They are given

by
1 c c 1 c e e
Wr = §A[ij}kLiLjEk + )\ijLinDk + EAQ’[jk]Ui DDy + piLiH> (61)

Here L;(Q;) and E;(U;, D;) are the left-handed lepton (quark) doublet and lepton
(quark) singlet chiral superfields, where i, j, k are generation indices and ¢ denotes
a charge conjugate field. H;o are the chiral superfields representing the two Higgs
doublets.

The A and X couplings in [Eq. (61])], violate lepton number conservation, while
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the X’ couplings violate baryon number conservation. There are 27 N-type couplings
and 9 each of the A and A" couplings as Aj;;x is antisymmetric in the first two indices
and A;/[jk] is antisymmetric in the last two indices. The non-observation of proton
decay imposes very stringent conditions on the simultaneous presence of both the
baryon-number and lepton-number violating terms in the Lagrangian [58]. It is there-
fore customary to assume the existence of either L-violating couplings or B-violating
couplings, but not both. The terms proportional to A are not relevant to our present
discussion and will not be considered further.

We now turn to the L-violating couplings. In terms of four-component Dirac

spinors, these are given by [59] 60]

Ly = =Ny, |Phdad] + dLdb, + (dh) (7)) d]

— &y, — i, dhel, — (dh)* (L) )| + he. (62)

As we are considering only non-leptonic decays we will be interested in 4-quark
operators which are generated by the following subset of operators in Eq. [62] Since
all of these quantities have been determined in the flavor basis, we must rotate to the
mass basis. To accomplish this we can assume that the down-type quarks are in the
mass basis and the rotation of the up-type quarks consists of just multiplying the up
quark spinors by the CKM matrix. This constitues replacing the weak term, ui, with
the mass mixing term, (VCTKM ﬁL>j. The sleptons can be taken to be in the mass

basis as well [61].
R A R L
Lin = Xy |7, A o — &, g | + D (63)

These interactions are depicted in Fig[7]

Working with just the first term we construct the amplitude
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o] LI UL]

dg” dg*

Figure 7: The basic quark-quark vertices in R-Parity Violation SUSY.

o —k . ~i _k./ -7 T « ~i —k . .7 ,k, i
M = )‘;jk [VL dRa d]Log:| {)‘;j’k’ [VL dR,B di:ﬂ:| } = )‘;jkA;j’k’ vy, dpe dJLa dﬂe dR,ZgVLT (64)

contracting the sparticles we obtain the propagator for the sparticle. This gives us

. 1
Evaluating M we have
« gk g 7' A0 A0 gk 1
M = NN [dRoz dJLa] [d]L,ﬂ g d}w] m (66)
Integrating out the sparticle, we have that
Nk (= =i
M= - (3 &, ) (2 dis) (67)
7L

Now perform a Fierz transformation[62] to obtain a vector current.

]_ — . 1 —j! / ]_ — 1 + 5 / —j’ 1 — A5 :
5 (Tl =) 5 (A (142005 ) = 5 (dpar 528 ) (@
2 2 2 2 2

1

_k / il .
= 5 <dRa7udII€%B> (d][/ﬁr)/ﬂd]La) (68)
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An exact working of this with the other term in the interaction Lagrangian

yields the full four-fermion operators:

LN y . Ao\
ijk Nl k! —k ] ijkNij k! —k K ~m 5~
M = T Tom2 dpa V" dRﬁ dLﬁ Vi djLa T o2 dpa V" dRB <UL5ij/> Yu (an U%)
vy ziL

(69)
This gives us that the operators will contain a linear combination of the up-type quarks.
We will consider only the first two generations of up quarks due to the large suppression
of the third generation arising from the CKM matrix elements associated with these
components. For non-leptonic D decays these couplings allow for tree level processes
and penguins through the diagrams in Fig. [l These correspond to the second term
in the amplitude given in Eq. [69] The first term also arises in K meson decays and
K° — K° mixing.

d

Figure 8: The effective transitions ¢ — ud*d" . Tree level on the left, penguin on the
right.

We will restrict our analysis of D decays to the tree level diagrams, so only the

second term will be utilized in what follows. This gives us the effective Hamiltonian

for ¢ — ud® d*:

/ 1% / /% / 1% !/ 1%
NP 2k Vi1k! * ilk”Vilk! * 2k 7\2k! * ilk 7\ i2k! *
NP = | DTk vy DRDR Yy ZigkTik yyye ) CiLkCRK
eff 2mgl ua ¥ cs Qm% ud ¥ us 2m% ca v cs 2mgl us ¥ ed
I Iy 3 Iy,
Ek “dk/ 2~ N
X dpy V" Apg ULB Vp ClLa (70)

38



NP _ _>‘;2k)‘ﬁk’ Vo (akdk') (ﬂ c ) (71)
off 8m?2 ud¥es \TeT8 )y 4 NPTy

I
4.3 New Physics Diagrams

Now we can determine the various diagrams under this effective theory. All amplitudes
are given by

A= <M1M2|H§$f‘ AR+ HAE 4+ HYE T

)

Where M, is the parent meson, and M, are the daughter mesons involved in the
decay. The diagrams (T, C, E, A) that contribute to the amplitudes can all be written
in terms of contractions which determine the topology of the diagram.

We now construct the amplitudes in terms of these diagrams. The effective
New Physics Hamiltonian for the four fermion vertex has the form

/ 1%
_ Nige it

2
8ml~i

_k ’
HY = C (dy d)via (Us ca)v-a (72)

Looking at the decay D° — K~7" we have

!/ 1%
A= —%Om—ﬂ%gﬁpm%

li

4.3.1 A, Diagram

/ 1%
_ Niak i

2
8ml~i

A= Ksﬂ ud|(ds d)v 4 a (15 CQ)V_A|@>} (73)

This expression is color-suppressed upon factorization (which we will require in all
amplitudes) and we can perform a color Fierz to obtain a color-favored structure,
remembering that the octet currents obtained in the color Fierz vanish upon factor-

1zation.

/

it [ o Lok U U
A= _%%lk <S“ ud| 57 (da dg )via (@s CB)V—A|C“> (74)
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The V + A term in the operator contracts with the K~ 7t and the V' — A term

contracts with the D° and the resulting diagram is what we will call A,.

4.3.2 ( Diagram

We can also Fierz the NP Hamiltonian and we obtain

A/ )\/* —k ’
NP, F _ N2k "Vilk! — k
Heg ™ = 2 <d Ca)S—P (u5 ds >S+P

amg,

The amplitude obtained with this operator is
AT = (K~ [HyPF| D)

NN /= R
= Sty <su wd|(@ cx)s—p (s dg)s+P|cu>
i

This expression is already color favored for factorization. This gives us

gk Ars o = (= /
AF — lizkliaw <5ﬂ ud| (di Ca> <ﬂ5 dg) !Cﬂ>
4ml~z S—P S+P

(77)

This amplitude is factorized by contracting the S — P term with the K~ and D°

mesons and the S + P term with the 7+. This gives us the C, diagram. Notice that

this diagram may be enhanced due to it being a scalar operator.

4.3.3 T, Diagram

We can also obtain the T, and E, diagrams in a similar fashion. Consider the D —

KK+ decay. This amplitude is given by

/
)\ N2k 7M1E /\ﬂk/

8ml~2

= _,,=k ’ _ _
A= <sd us|(dg, df )via (Us ca)v,A]cs>
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After a color Fierz on this expression to obtain the proper color structure for factor-
izaiton, we obtain
A/ )\/* / - 1 —k 4
A= —ZBRAR (o d us|—(d,, dF Ug cg)y_alcs 78
8m? |Nc( o Ao Jva (Us cg)v—al (78)

And the amplitude is contracted by taking the V' + A term with the K andthe V — A

term with the K™ and DF. This is the T, diagram.

4.3.4 FE, Diagram

A Fierz on the Hamiltonian gives

Nop N ) = =k s d¥ S
A== <Sd us|(d,, ca)s-p (Up dj >S+P"’S> ()
I

This expression is already in the color favored structure for factorization and we have

F_ NNy [ 5 s d¥ 5
A" = W <Sd US’(da Ca)g,p (Ug dﬁ )S+P’CS> (80)
Ii

and contracting the S — P term with D and the S + P term with the K and K+
gives us the E, diagram.

We expect the SM matrix elements and the NP matrix elements to be of the
same order, so we will encourage that in the fits to be performed. To accomodate this
we first acknowlege that the SM parameters of our fit (T, C, E, A) are essentially just
the matrix elements of a four-fermion operator .To ensure that the NP parameters to
be fit will be of the same order, they too will be just the matrix elements of the four-
fermion operators found in the previous section. Now, we have that the NP amplitudes

are given by

ANP — {LQk)\;ﬂlzk’ {_r]ﬂNP7 20NP’ 2EvNP7 —ANP} (81)

8ml%.
This will ensure that the the SM parameters T, C, E, A will be of the same order as the

NP parameters we will call TNF, ONF ENP - ANP We do this so that we can see clearly
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where the suppression of the NP diagrams arises. For a slepton mass of 1 TeV, which
is the lower bound on this mass obtained from collider data, we have a suppression of

O(107'). An additional suppression arises from the product of the \’s.

4.4 Constraints from other processes

In this section we will discuss constraints on the RPV couplings in Eq. [71l The

couplings that we will be interested in are

/ 1% / /% !/ Ix / 1%
/\i21)‘i11 )‘i21/\i12 )‘i22)‘i11 /\i22/\i12 (82)

There are numerous sources [63}, 58, [64], (65, 66, (67, [68] that give bounds on all of the
RPV couplings. Starting from Eq. one can see that D° — D° mixing can arise at
loop level but the contribution is highly suppressed [69] andthe resulting constraint
on the coupling is weak. We now turn to see if we can obtain bounds on any of these
couplings from other processes. We therefore must look at the other processes that
these vertices can contribute to. Looking at each of the terms in Eq. we see that

the operators with a mediating squark result in the following four fermion operators

[63]
NN P Noa N - ,
ék G )y a(d yud )y a ék I (T Yy a(dyd™ )y (83)
ms, m;
R L
NgNign o NN o o
“omz @AW )ya, = (@ a(@d Yy (84)
d, ay,

To be relevant to our couplings in Eq. |82/ we set i = 7. It is also clear that j,j’, k, K
can take values 1 and 2 for the couplings of our interest. The processes that can
be generated are decays of light unflavored mesons, like 7%, 71,7/, ¢ e.t.c., to invisible
states. An analysis by the NA62 experiment, sets a limit on the invisible decays of the
neutral pions from K+ — 77’ BR[x" — invisible] < 4.4 x 1072 [70]. The limits on

the other decays are typically ~ 107* [55] The other processes the operators gives rise
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to are the K — 7% v and KT — 77vv decays. The branching ratios for Kg decays
are not considered as they are suppressed because of the Kg short lifetime. The rare
kaon decays, K; — 7'vv and Kt — 77vi, are being probed by the KOTO experiment
at J-PARC and the NA62 experiment at CERN. Recent reports from KOTO [71] [72]
indicate that K; — 7°v decays occur at a rate much larger than predicted by the
SM.

BR(KL — WOVE)KOTO = 211_?(1)51_411% X 1079 . (85)

This result is two orders of magnitude larger than the SM prediction, BR(K; —
mvi)sm = (3.4 £ 0.6) x 107" [73]. On the other hand NA62 obtains a bound for
Kt — ntvw [14],

BR(K" — 7t ub)nage < 2.44 x 10719, (86)

The E787 and E949 experiments at BNL have also measured BR(K™ — ntvw) [75,[76]

assuming the pion spectrum predicted by the SM. According to Ref. [76],
BR(K* — ntvp) = (1.737118) x 10710, (87)

To constrain the couplings of the operators in Eq. involving the neutrinos we will
use the K; — 7w and KT — 77vi decays we use the ratio of the experimental

measurements [52] to the SM predictions [77]

2

I'rpy 1 iy 1 A
R g = — 1+ v + il I T
e Tsar ;ﬂ 31 Xo(w)ViuVs ; 3 | Xo(x) Vi Vi
2 | | (+2) 3u(z—2)
e gl L D A (A I sk e ke A PG
i V2G pa de.% 8x—1) 8(x—1)

where z; = m?/m?,. The second sum in the expression involves couplings with i # 4’

and we will neglect those and consider only the couplings in the first term. The SM
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predictions for the K — 7w and K+ — ntvi are given as [74]
B(Kp — 1vi)gy = .34 x 10710 and  B(KT —atuvp) = .84 x 1071 (89)

This gives us bounds on the couplings and the results are in Table. [I5] As we will
see later, from the fits to the D decays, taking the squark masses of the first two
generations larger than the slepton masses by factor of 10 will satisfy the bounds from
the rare Kaon decays.

Turning to the operators in Eq. [84] we the first operator generates the decays
DY — (T¢=,D° — 7%*¢~ where { = p,e. The strongest constraint comes from
D® — ptu~ [55] and we use this as a representative decay in Table. [15] These
operators also contribute to the decay of unflavored mesons containing the upquark to
¢t¢~ final states. One notices that these bounds can be avoided if we choose the squark
masses of the first two generations large enough. The bounds to say eTe™ states can
be also be avoided by choosing non zero couplings for ¢ = 2,3 only. Moving on to the
second operator in Eq. |84 we will generate the decays K g — (707, Kj g — 700" (~
. Again choosing K — u™p~ as a representative process we show the bounds on the
coupling in Table. . The leptonic decays are 2 body decays and for the D — ele?

the decay width [77] is given by

1 )\l )\/* 4m2
r DO - ul) = 21k7'22k 2 2 1 — o 90

where fp = 207 MeV, and fx = 156.1 MeV. A similar formula can be used for
Ky — ptu.

These processes are extremely rare so we should be able to establish fairly
strong bounds on the couplings. The relevane branching ratios are presented in Table
115l We will ignore the B meson decays since the couplings that contribute to those
decays result in j(’) = 3 or k(') = 3 indices and these couplings will not concern our

analysis.
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RPV Coupling Process Branching Ratio Constraint
Rudin| (1 TeV)? | D° — pji <62x107° 52 | <6.7x 1072
dh
Mnlin | (1 TeV)? | Ky — pji 6.84x 107 [52] | <5.4x 107
T
Nouie | (1 Tey)? K} — nvi <21x1077)B2] | <22x1073
" K+ — atvw 1.73 x 10~19[74] 1.4 x 1073
NN (1 Tev)? KY — 7w <2.1x 1072 <22x1073
m ¢ K+ > atvr | 173 x 10710[74] 1.4 %1073

Table 15: The constraints obtained on the RPV couplings from the various processes.
The semi-leptonic decays retain the index over the neutinos since there isn’t an exper-
imental determination of the neutrino flavor.

This accounts for all of the terms in the Lagrangian [62] that involve a mediating

squark. We now look to the decays with a mediating sneutrino.

4.4.1 K°— 77 and K° — K° mixing

The operators that we have developed from the R-parity violating Lagrangian will
contribute to the decays of K mesons as well as to the mixing of K° and K°. These
will lead to constraints on the sums of interest. The relevant terms from the effective

Hamiltonian are

Mo Nx =
;27;21111 (ds)y_a(dd)ya (K — 7mr) (91)
3
and
)\/ )\I* _ _ _
;;;12 (ds)y-a(ds)y+a (K" — K° mixing) (92)

Constraints on these couplings come from the branching ratios for the decays
and the mass difference in the mixing. The constraint from the mixing of K° and
K° comes from the mass difference Am = |K% — K?|. Since the mass difference is
very small, this will yield a very strong constraint on the coupling constant. The mass
difference is given by

Ai21 Al

AmPT = 2Re(M5) = 2Re <KO\W(ds)V_A(ds)V+A|KO> , (93)

i
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where M, represents the mixing in the K° and K° system. In the vacuum insertion

approximation we have [64]

Lo N 1 1/ m ?
AmNP — 4217412 2 | o2 K 94
L

where ff is the kaon decay constant and m 4 are the strange and down quark masses.

We have taken the coupling Ao, A%, to be real and so this coupling does not contribute

to the CP violating parameter e ~ I'm(Mis). This leads us to obtaining the constraint

on the coupling
Ai21 Al
2

VL

(1 TeV)* <22 x 1078 (95)

From this constraint we have that Xy, A5, is effectively equal to zero. This could be

due to the incoherent sum over ¢ allowing for cancelation, or it could be due to each
term in the sum vanishing. We know that the sum vanishes, so we will work with that
assumption. These constraints give us the ability to limit the parameters that will be
used in the fit to our model.

. . A N
The decay widths K; — 77 and K+ — 77 can put constraints on |22;l—2”| In
7L

the SM these go via tree level charged current single Cabibbo suppressed transitions

and so assuming the RPV contribution is the same size as the SM contribution we get

GF mpi 2
! 1% 2 o L
[Nt Aia| ~ )‘\/527"1;2 4 (1T6V> - (96)

The phase of N, Alj; will be severely constrained from the CPV violating parameter
%/ [64, 69] and so we will take the coupling to be real to avoid this constraint. The
same argument can be applied to loop level contribution to %/ generated from Eq.

as the contribution is proportional to Im(Xy A5;).

4.5 Fits

We now look to determine the new physics parameters that best fit the data available

at this point. The branching ratios [52] are listed in Tables 21| and [22] along with
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their predicted values from the fit performed. From the two body decay kinematics

we have that

Fi 2
SThM?B;
= M=y [ (97)
PTo

where p is the magnitude of the 3-momentum of the product mesons in the center of
mass frame of the parent meson of mass M, and lifetime 7. Using this we determine
the experimental amplitude of each decay. This gives us 28 amplitudes to constrain
our system.

In Table [16| we list the SM amplitudes [I3] in the first column and the new
diagram contributions in the second column. In Table [17] we list the Singly-Cabibbo-
Suppressed decays involving only kaons and pions.The Doubly-Cabibbo-Suppressed

decays are listed in Table [I§] To alleviate some notation we introduce the following

definition:
; N2k Atk
Xp, = == 98
and we will take my = 2 TeV. Furthermore, we impliment the constraints that we

derived above and we can further limit the parameter space by making the assumption

that X%, = 0.
Meson | Decay || Standard Model Diagrams | New Physics Diagrams

D' | Kn* EViVua(T + E) X3, (CNF + ARF)
K'n® G Lt (O — ) L X5, (TN — ANP)
Ry | g S
K1 G—\/E%(C +3FE) T3 X5, (TN 4 3ANP)

Dt | Ewt | SEViVu(C+T) X4 (T + CY)

Dr | KK+ TEVAVia(C + A) X, (TNP 4 ENP)
a Cp Yoo (1 — 2.4) T X3, (CNF — 2B™P)
oy Cp 2okt (7 4 A) ZX3,(CYT + BT

Table 16: The Cabibbo-Favored decays
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Meson | Decay | Standard Model Diagrams New Physics Diagrams
DY | wtm- EViVua(T + E) X1, (ONP 4 ANP)y
7070 Gj% \}/ud( C + E) _\%X{I(TNP . ANP)
KK~ ZEViVus(T + E) Xop(CFF + ATT)
KK TF(VZ}Vud + ViV E (X; + X55)ANF
Dt | 7t7° 35 5 (T +O) — X1 (TN + CNF)
KR’ | CEVEVLT + ViV X3pC™ + X3, B
D [ w K[ SR VEVLGT + ViViA X1, O + X5, BN
TRt | SE T (—ViViaC + VaVusd) | - (XLTY — X5, EN)

Table 17: The Singly Cabibbo Suppressed Decays involving kaons and pions

Meson | Decay || Standard Model Diagrams | New Physics Diagrams
DY | K+m~ EVaVus(T + E) X1, (CNP 4 ANP)
V* Vs i
K70 G—\/g ‘g@ VE?/' —F) \%XH(TNP — ANP)
0 cd Y us 1 i NP
K®n . \{/g fi/g C —'7§X12T
K 5~z (C + 3E) Zi XD (T 4 3ANT)
Dt | Ko+ EVaVus(C + A) X5, (TN + ENP)
V* Vus Z
K+70 _G_g cﬁ (T — A) _\%XH(CNP _ ENP)
V* Vs i
K+77 ‘_/% c:i/g _‘\%XucNP
Kty ok etz (T + 34) T X1, (CN + 3EN)
D} | KK+ G—ﬁmvus(T +C) X, (TN + ONP)
Table 18:

The Doubly Cabibbo Suppressed amplitudes

We can further constrain our system by including the measurements [52]

Acp(D® — K¥K™) = —0.07+£0.11 % (99)
Acp(D® — 7tn™) = 0.13£0.14 % (100)
AAcp = —0.161 £ 0.029 % (101)
where
Aop(D > )= L= N =T(D > )
LDY— f/H+T(D — f)
and

AAcp = Acp(D* - KYK™) — Acp(D° — ™)

The partial widths are proportional to the amplitude squared. If we write the
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amplitude as

A(P) = 1S]e + |N|e

where |S|,|N| are the magnitudes of the SM contributions and NP contributions,
respectively, then ¢g, ¢ are their associated phases. The SM phase arises entirely
from the diagrams, if we neglect the tiny phase contributions from the CKM matrix
elements, and thus are strong phases and unaffected when we take the CP conjugate
amplitude. The overall NP phase has a contribution from the X7,, which is affected
in the CP conjugate amplitude. So, ¢y = ¢x + ¢p, where ¢x denotes the phase due
to the coupling constants, and ¢p represents the strong phase coming from the new

physics diagrams. This gives us that

A(?) _ |S|e’¢5 + |N|67'(_¢X+¢D) (102)

From this we calculate the CP-asymmetry as

_ 2|S||N|sin ¢y sin(os — ¢p)
Acr(f) = SETINE + 21T 1N cos o cos(ds — op) (103)

Using this we can include the individual measurements of Acp(KTK ™) and Acp(ntn™)
as constraints, as well as AAgp. Naively we would assume that this asymmetry is dom-
inated by |[N|/|S| ~ Acp ~ 1073, with the caveat that the weak phase of the coupling
constant can also play a significant role in suppressing this quantity.
Two additional constraints come from the definition of the coupling constants
themselves
_ N

X/ik’ = T/mZ = X{1X§2 = XﬁXél (104)
l7,

The real and imaginary parts must be the same, thus giving us two more constraints,
for a total of 31 constraints on our system.
The fits are performed using the MINUIT[7§] package for Python[79]. We have

already determined the extent to which new physics is necessary by performing fits on
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just the Standard Model amplitudes.

For the fit involving the new physics parameters we have a system of 27 un-
known parameters. We will set the X7, parameter to zero as a result of the discussion
of K°— K mixing, and we are down to 25 parameters. We further assume that the X¢,
is real so we are down to 24 parameters. We are determining all strong phases relative
to the SM T' diagram. We also have 33 constraints on these parameters. If we ignore
the SCS decays involving 1 and ' we are down to 25 constraints, but we no longer
need to fit the SE and SA amplitudes, so the number of parameters is now 20 and a
x* function minimization is thus possible. We find a value of x?/d.o.f = 8.31/5 with
the values of parameters given in Tables [23] and [24] for the diagrams and couplings,
respectively.

With this fit we obtain the values

NP NP NP NP
|Ngvg-| [ Xoa(CYF 4+ A )|:0.010 and [Netr-| [ X0 (CYF + AYY))|

- = = 0.024
5] AT + E)| 5] AT + E)|

(105)

in fairly good agreement with our naive assumption.
We now impose the color constraints on the NP diagrams. Within the factor-
ization scheme outlined in Sec., we see that the NP amplitudes 7T, A; o< 1/N, and

Cs, B, o« 1. We impose the following constraints

(106)

&)
2

2| 3
Wl
w

Wl =

Cy
~1 — 1
E,

Qs
R

S

and perform a fit which yields a x?/d.o.f = 47/8, which is a fairly poor fit. We also find
that |N|/|S]| is slightly larger than for the unconstrained fit. For D° — KTK~ it is
0.05, and for D* — 7F7~ it is 0.06. A possible explanation for this is that the matrix
elements for the scalar and vector operators could be much different and imposing this

naive assumption may not be warranted.
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Meson | Decay Mode || Experimental Branching Ratio (%) | Predicted (%) | x?
DY K- 3.950 + 0.031 3.95 0
K'no 2.48 £ 0.044 2.47 0.1

K'n 1.018 4+ 0.012 1.022 0.1

Ky 1.898 + 0.064 1.909 0.03

D+ Kont 3.124 4 0.062 3.130 0.01
DY KK+ 2.95+0.14 2.89 0.2
sy 1.70 +0.09 1.70 0

4 3.9440.25 3.69 1.0

Table 19: The branching ratios of the Cabbibo-Favored decays. Experimental data is
taken from PDG, the predicted values are obtained from the fitted parameters.

Meson | Decay Mode | Branching Ratio (x107?) | Predicted (x107%) |
DY I 1.455 £+ 0.024 1.454 0.001
7070 0.826 + 0.025 0.825 0.0007

KtK~ 4.08 £ 0.06 4.06 0.06
KK’ 0.282 + 0.010 0.283 0.008

D+ O 1.247 £ 0.033 1.247 0

KK’ 6.08 + 0.18 6.12 0.06

Df 7T K° 2.44+0.12 2.47 0.06

K+ 0.63 £0.21 0.59 0.03

Table 20: The branching ratios of the Singly-Cabbibo-Suppressed decays involving
only pions and kaons. Experimental data is taken from PDG, the predicted values are
obtained from the fitted parameters.

4.6 Neutrino Mass

We now have sufficient information to determine the effects these interactions will
contribute to the masses of the neutrinos. Refering back to Eq[62] we see that we can
construct a loop using the second and third terms that involve a quark-squark-neutrino
vertex. This will yield the one-loop diagram shown in Fig[9]

The mass matrix is given by [80]

3 ANy,
my: ~ —MMSUSYmdjmdk (107)

812 2my
L

Looking at just the indexed terms in the expression we see that the i’ element
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Table 21: The branching ratios of the Singly-Cabbibo-Suppressed decays involving n

Meson | Decay Mode | Branching Ratio (x1073)

D° 7'n 0.63 £ 0.06

7o/ 0.92 +0.010

nm 2.11+0.19

nn 1.01 £0.19

Dt 7wty 3.77£0.09

nty/ 4.97+0.19

Df K'n 1.77£0.35
K+ 1.8+ 0.6

and n’. These were not included in the fit.

Meson | Decay Mode || Branching Ratio (x10~%) | Predicted (x107%) | x
D° Ktn~ 1.364 £ 0.026 1.379 0.3
KOr" — _ _
K% — - —
K()n/ o . _
Dt K™ - - -
K+n0 2.08 £0.21 1.66 4.0
K*n 1.25£0.16 1.32 0.2
K+t 1.85£0.20 1.74 0.8
D+ KOK+ _ — —

Table 22: The branching ratios of the Doubly-Cabbibo-Suppressed decays. Exper-
imental data is taken from PDG, the predicted values are obtained from the fitted
parameters. Many of these ratios are unavailable. They have been excluded from the

fit.

Table 23: The Standard Model diagram amplitudes, T, C, E, A and the New Physics

Diagram | Magnitude (GeV)? | Phase (degrees)
T 0.383 £ 0.002 0
C 0.263 = 0.004 —155£1
E 0.168 £ 0.001 11714+ 0.9
A 0.151 £0.010 60 + 2
™" 0.93 £0.10 —22+3
CNP 0.432 £ 0.009 79+£04
ENP 0.86 £ 0.05 115+ 3
ANP 0.60 £0.01 —128.0£0.6

amplitudes, Ty, Cy, F, A,.

Coupling | Magnitude | Phase (degrees)
Ny Ny | 0.131 = 0.005 0
NN | 0.52 +0.04 120 + 2
NNty | 0.32+0.01 7943

Table 24: The coupling constants determined from the fit.
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Figure 9: The one-loop contribution to neutrino mass involving a quark-squark loop.

of the matrix is proportional to

/ / 2 / / 2 / / 2
i1 A1 Mg + Niga Njraa s + Nigz Ajrg3my,

and we see that the largest contribution to each element comes from A3\, 4
term, due to the large mass of the the b quark. The terms that we’ve determined
using the D decays (the first two terms from the first line and the first term from
the second line) will be suppressed by factors of m3/mj ~ 107% m?2/mj ~ 1073, and

mams/mi =~ 1075, respectively compared with this term.
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5 Unified explanation of b — su™ 1~ , neutrino masses,
and B — nK puzzle

Searching for beyond the SM (BSM) physics has been the primary focus of the high
energy community. Rare B decays have been widely studied to look for BSM effects.
Because these decays get small SM contributions, new physics (NP) can compete
with the SM and produce deviations from SM predictions. Over the last few years
measurement in certain B decays have shown deviations from the SM. These deviations
are observed in two groups- in charged current (CC) processes mediated by the b —
¢t~ v tansitions and in the neutral current (NC) processes mediated by b — sft¢~
transition with ¢ = u,e. We will focus here on the NC anomalies although it is
possible that the CC and the NC anomalies are related [81] but we will not explore
that possibility here.

Let us start with the b — st~ decays which are fertile grounds to look for
new physics effects [82], 83]. In b — su™p~ transitions there are discrepancies with the
SM in a number of observables in B — K*u*p~ [84] 85, 86, 87, 88] and B? — ¢u™pu~
[89], 90].

There are also measurements that are different from the SM expectations that
involve ratios of b — sutp~ and b — sete™ transitions. These measured quan-
tities are tests of Lepton Universality (LUV) and are defined as Rx = B(Bt —
Ktutu™)/B(BY — KTete™) [91, 02] and Ry~ = B(B® — K*u*u~)/B(B° —
K*%ete™) [03, 94].

While the discrepancies in b — su™p~ can be understood with lepton universal
new physics[95], hints of LUV in Ri and R}, require NP that couple differently to
the lepton generations. A well studied scenarios is to assume NP coupling dominantly

to the muons though NP coupling to electrons is not ruled out [96, 07]. The b —
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sptp transitions are defined via an effective Hamiltonian with vector and axial vector

operators:

aGF
Heﬂ = - ‘/tb‘/;fs* Z (CaOa +C£LO;> 5
V2 a=9,10
Og10) =[5 Prb][py" (vs)p] (109)

where the Vj; are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and
the primed operators are obtained by replacing L with R. It is assumed Wilson
coefficients (WCs) include both the SM and NP contributions: Cx = Cx gm + Cx xp-
One now fits to the data to extract Cx np. There are several scenarios that give a
good fit to the data and results of recent fits can be found Ref. [98, 99, 100} T0T], 97].
One of the popular scenario is Cyyp = —Cfg'xp Which can arise from the tree level
exchange of leptoquarks (LQ) or a Z’ which may be heavy [102], 103] 104] or light
[T05], 96, 106l 107, 108, 109]. Here we will focus on the LQ solution and there are three
types of LQ that can generate this scenario. They are a SU(2)-triplet scalar (S3), a
SU(2)-singlet vector (Uy), and a SU(2)-triplet vector (Us) and we will focus on the
S3 which along with diquarks can be used to generate neutrino masses at loop level
[110, I11]. To generate the neutrino masses, one can fix the S5 couplings by a fit to
the b — s¢™¢~ data and then the diquark couplings are constrained from the neutrino
parameters. In this paper we point out that the diquark couplings can be fixed from
nonleptonic B decays and now one can check whether the correct neutrino masses and
mixings are reproduced. In other words we are looking for a consistent framework
with leptoquarks and diquarks that can explain the semileptonic and nonleptonic B
measurements and neutrino masses and mixing.

The observations that we will use for the nonleptonic decays are the set of
B — wK decays. These are penguin dominated nonleptonic b decays and been studied
extensively. The decays in the set include BT — 77 K° (designated as +0 ), Bt —

7°K* (0+), B> - 7 KT (—+) and B® — 7°K° (00). Their amplitudes are not
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independent, but obey a quadrilateral isospin relation:

V2AY 4 AT = V2A% 4 A0 (110)

Using these decays, nine observables have been measured: the four branching ratios,
the four direct CP asymmetries A¢p, and the mixing-induced indirect CP asymmetry
Scp in B® — 79K°. Shortly after these measurements were first made (in the early
2000s), it was noted that there was an inconsistency among them. This was referred
to as the “B — 7K puzzle” [I12, 113, 114} [15).

Recently the fits were updated [116, 117, 118]. In Ref. [I16] it was observed
that the key input to understanding the data was the ratio of the color suppressed
tree amplitude (C’) to the color allowed (7") amplitude. Theoretically, this ratio is
predicted to be 0.15 < |C'/T'] £ 0.5 with a default value of around 0.2. It was found
that for a large |C"/T’| = 0.5, the SM can explain the data satisfactorily. However,
with a small, |C"/T"| = 0.2, the fit to the data has a p-value of 4%, which is poor.
Hence, if |C’/T"] is small, the SM cannot explain the B — 7w K puzzle — NP is needed.
The precise statement of the situation is then, the measurements of B — 7w K decays
allow for NP and so in this paper we will assume there is NP in these decays. There
are two types of NP mediators that one can consider for the B — 7K decays. One is
a Z' boson that has a flavor-changing coupling to b and also couples to wu and/or dd.
The second option is a diquark that has db and ds couplings or ub and us couplings.
We will focus on the diquark explanation as the diquarks can contribute to neutrio
masses

The paper is organized in the following manner. In section. 2 we describe the
setup with leptoquarks and diquarks that leads to neutrino masses and mixing at the
loop level. In that section we also discuss the low energy constraints for the leptoquark
Yukawa couplings including the b — s¢*¢~ data. In section. 3 we explore the B — 7K
decays mediated by the exchange of diquarks and we consider the constraints on the

diquark Yukawa couplings from the B — 7K decays and meson oscillations. Finally
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in section. 4 consider the collider constraints on the diquark and leptoquarks coupling
and masses and we give a scan of all their couplings that satisfy all the constraints
and generate the correct neutrino masses and couplings. For a few benchmark cases
we present explicit expressions for the diquark and the leptoquark Yukawa couplings
and predict the branching ratios for the rare decays B — ¢m and B — ¢¢. Finally in

section.4 we present our conclusions.

5.1 Colored Zee Babu Model
Set Up

We briefly summarise here the main features of the colored Zee Babu Model [119, 110]
that are central to our idea. The model includes a scalar leptoquark Sy (with lepton
number 1) of mass my, and a scalar diquark Sp of mass mg transforming as (3,3, —1/3)
Fland (6,1, —2/3)] respectively under SM gauge group SU(3). x SU(2) x U(1)y with
@ = T3 +Y. The baryon number of Sy, is taken to be 1/3 whereas Sp is assigned
2/3. With this assignment of baryon number, the baryon conservation is immediate
and thus the proton decay is forbidden. The soft-breaking term of the lepton number
is introduced so as to generate the Majorana neutrino mass.

With the particle content discussed above, the most general interaction la-

grangian is given as
Ling = =Y  Li09 QY S¢* — Y dof dip Sy + pSe* Sy Sy + (He),  (111)

where «, 8 = r, b, g are SU(3).. indices and i, 7 = 1,2, 3 are generation indices, the di-
quark coupling matrix, Y;j , is symmetric whereas the leptoquark coupling matrix, ij ,
is general complex matrix. The leptoquark couples lepton and quark as v/2v;p, Ujr, —

V2e;r djr+vir djp+e;r uj. Note that, in Eqn , we can also have additional scalar in-

3The choice (3,1, —1/3) is also possible as it couples neutrinos to down type quarks but will not
explain Ri and Rj anomaly as this scalar couples up-type quarks to charged leptons.

4Note that if we had chosen diquark to be (3,1, —2/3), Y4 and, hence, neutrino mass matrix would
be antisymmetric.
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teraction terms(not relevant to our analysis), such as [)q OTOTr(STSL) + A Tr(915, 5] @)
where ¢ is Higgs doublet. These terms would give rise to splitting in the mass of S
particles, comprising three states of electric charges —4/3, —1/3 & 2/3, and would
contribute to the oblique corrections[120]. To avoid that, we take A\; 2 = 0 such that
all Sp particles/states have same mass, my. Along with this, there are quartic and
quadratic terms of these scalars. We assume that their coefficients are adjusted such

that only the Higgs doublet gets the vev and the potential is bounded from below.

Sar-” i 531
,’,, %SD
vi, | dkp  dkrt dir  dip o vyg

Figure 10: Generation of Neutrino masses via two leptoquarks and a diquark.

The above lagrangian would generate majorana neutrino mass at two loop as

depicted in the figure. The resultant neutrino matrix is given as [121], 110],
M7 = 24 Yy my Y I mg v, (112)

where I* is a loop integral, which in the limit of large leptoquark and diquark masses

11 . (m2
I~ I (%> , (113)

(4m)tmi - \mi

simplifies to

with

1) = /01 o /01_”” Wor y(y1+ r—1) " (;(f;r_rz)) ’ (114)

and my is 3x3 diagonal mass matrix for down-type quarks. Note that we have chosen
diagonal bases of mass matrix for down type quarks and charged leptons. So to obtain
the correct masses of neutrino, we need to diagonalise the mass matrix, M, by the
PMNS matrix, U as

my, = UTM,U. (115)
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The standard parametrization is adopted that

10 0 ciz 0 sige® ci2 S12 0 1 0 0
U=1 0 co 803 0 1 0 | 0 eio21/2 0
0 —sS93 Co3 —813,€i‘S 0 C13 0 0 1 0 0 eia31/2
(116)

where ¢;; and s;; represent cosf;; and sin6;;, respectively. In the case of Majorana
neutrinos, as; and ag; are the extra CP phases that cannot be determined from the
oscillation experiments. However, these phase could be sensitive to the upcoming
neutrinoless double beta decay searches. Finally, it should be stressed that the mass
dimension 1 parameter, pu, is constrained by demanding the perturbativity of the
theory. The trilinear terms in Eqn. would generate one-loop correction to lep-
toquarks and diquarks masses. These corrections(Am?%) are, in general, proportional

to Requiring corrections to be smaller than the corresponding masses implies

-
1672
p < 4mmg,[121]. As various collider searches, discussed in section , does not allow
the scalar masses smaller than 1 TeV, we would take p from 0.1-1 TeV commensurating
with the above constraint.

Having discussed the details of the model, next, we list all the possible con-

straints, coming from various experiments, on Leptoquarks and Diquark coupling ma-

trix.

5.2 Leptoquarks

e Lepton flavour violation at tree level: Collider searches of leptoquarks
indicates that they are heavy. So we can study their low energy effects by
writing 4-fermi operators of two lepton-two quarks. Using Fierz rearrangement,
we should get

Y;ikYEjn* -

53 (" Ply) @y, Prgn) + h.c. (117)
L
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as an effective operator where [ and ¢ denote leptons and quarks. These are
organized in terms of the four-Fermi effective interactions with normalised di-

mensionless Wilson coefficients as

Yikyjn* —4Gp .
Mot = 2 =g O = — 5= 2, €O (118)

ijkn ijkn

and are decided by various experiments given in [122].

In Ref.[122], constraints on such operators have been extensively studied. Keep-
ing in mind that Y}ij should be able to explain small neutrino mass, following

are the most crucial operators related to our work

— (7" Pre;)(dy,Prd)-The p — e conversion in nuclei sets a bound on Wilson

coefficient of this operator, i.e

11721%
1211:' iy

—L L 1 <85x107". (119)
4\/§C;FTH%

— (" Pre)(dv,Pys)-The bound from the decay K° — et~ sets a bound on
1212

}/12}/21*
1212 — ' Lt <3.0x107". (120)

4\/§CJF*ﬂl%

— (Efy”PLl/j)(d_k’yuPLdl)— The constraint on the K meson decay to pion and

neutrinos(v;v;) sets another bound:

Ylil Ylﬂ*
4\/5(?5‘”1%

ij12 _

<9.4x107°, (121)

Apart from this, we have also taken care of all the Wilson coefficients mentioned

in Ref.[122).

e Lepton flavour violation(LFV) radiative decay: The LFV radiative decays

l; — ljy are induced at one loop by the exchange of a leptoquark Sy, with the
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branching ratio [120]:

3ay; 1

BR(l; — ;) o~ —oXi _~
(b= 67) = G

(i), (122)

where o = %, Xy = 1 and x, = 1/5. In the case of 7 lepton, there are two
leptonic modes and hadronic modes can be approximated by a single partonic
mode(with three colors). Hence there is a factor of 5 difference in u and 7-lepton

branching ratio. The current experimental bounds[123], 124] are

— BR(p — ey) < 4.2 x 10713,
— BR(7 = py) < 4.4 x 1078,

— BR(T = ey) < 3.3 x 1078

b — s¢*/~ anomalies: As discussed in the introduction one can do fits to the
b — st{~ data and scenarios in terms of Wilson’s co-efficients that give a good
description of the data. In the above set up, the exchange of the Sy, leptoquark
at tree level contributes to the decay b — s/T¢~, and in particular generates
the scenario Cy'xp = —Cf¢'yp- The effective Hamiltonian describing the decay is

parameterized as,

4GF (0%

Heff = _Wﬂ

VioViss D, Cil ) i) + hc., (123)

where O;(p) are effective operators with Wilson coefficients C;(p) renormalized
at the scale p. For the model under consideration, only the operators Ogi =
(59" PLb) (£;v"€;) and OFi) = (5v" Pyb)(£;v"5¢;) are induced. Using Fierz identity,
we obtain the following Wilson coefficients

Ve (VR
405GFm% V;Sbvts* ’

Cy' = —Cip = (124)

A model independent analysis on the above operators [97] from the Ry, R}, and
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P! suggests that
CL#(NP) = —0.53 % 0.08. (125)

5.3 Diquark

5.3.1 Nonleptonic Decays and the B — 7K Puzzle

In the Standard Model (SM) the amplitudes for hadronic B decays of the type b — ¢f f

are generated by the following effective Hamiltonian

GF . 10 .
HY, = 7 Vi Vi (108, + 0%) = Y ViViadlOf | + HC.,  (126)
=3

where the superscript t indicates the internal quark, f can be u or ¢ quark. ¢ can be
either a d or a s quark depending on whether the decay is a AS = 0 or AS = —1

process. The operators Of are defined as

O} = Qo YuL f5 fo" Lba Oy = qyuLf A" LD,
0375 = qLbgd " L(R)] Z,6 = ‘ja’VuLbBQ,I/quL<R)an ) (127)

3 ) 3 )
79 = ngLbeqMJ’W“R(L)q’, Of 10 = §qa%Lba€q1qgv“R(L)q;,

where R(L) = 1+ 75, and ¢’ is summed over u, d, s, ¢ and b. Oy and O; are the tree
level and QCD corrected operators, respectively. Oz_g are the strong gluon induced

penguin operators, and operators O;_1y are due to v and Z exchange (electroweak

f

penguins), and “box” diagrams at loop level. The Wilson coefficients ¢/ are defined
at the scale 1 ~ my, and have been evaluated to next-to-leading order in QCD. The ¢!
are the regularization scheme independent values and can be found in Ref. [125].
The diquarks discussed in section 2 in the context of neutrino mass generation
can contribute to the B — 7w K decays and we can write down the new physics operators

that will be generated by a 6 or 3 diquark [126]. In the general case we get the effective
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Hamiltonian for b quark decays b — Jidjdk as,
HEp = XVdapvu(1+7°)ba ds jy" (14 7)dg i, (128)

where the superscript d in X¢ equals 6 or 3 corresponding to the color sextet or the
anti-triplet diquark. The greek subscripts represent color and the latin subscripts the
flavor. We have
deyﬁ*d
xd = BX (129)

2 )
4dmy

where the Yukawa Y are symmetric for the sextet diquark and antisymmetric for the
ant-triplet diquark and we have assumed the same masses for the diquarks.

For b decays of the type b — sss the diquark contribution is tiny as the effective
Hamiltonian is proportional to Yg which vanishes for the 3 diquark and is highly
suppressed from K and B mixing for the sextet diquark. Similarly the b — ddd
transition is proportional to Y} is also small.

For b — sdd( b — dsd and b — dds) transitions we have the following Hamil-

tonian
’]—[ip = Xd ga’)/“(l + 75)6(1 Jﬁ’y‘u(l + Vs)dﬁ
+ X Sayu(1+7°)bg dsy (1 +7°)da, (130)
with
o _ Y
4m?%
YdY*d
x4 — _13°21 131
= (131
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and

X = X¢. (132)

We can rewrite the effective Hamiltonian after a color Fierz transformation as

Hirr = X'dg7u(1+7°)ba 57" (1 +7°)ds

+ Xgdgyu(1+77)bs 30" (1 = 7°)da- (133)

The only other unsuppressed transitions is b — ssd( b — Ssd and b — 3ds)

which has the effective Hamiltonian,

Hep = X4 gaVﬂ(l"‘VE))ba Jﬁ'w(l"'Vs)Sﬁ

+ X 5ayu(1+77)bg dpy" (14 9°) 50, (134)
with
Xd — _Y2%Y1*2d
4m?%
YdY*d
X¢ = ——Zn%l, (135)

In this case at the meson level we can have the decays B — ¢ and the annhilation
decays B — ¢¢. These decays are highly suppressed in the SM and the observance of

these decays could signal the presence of diquarks

5.3.2 Naive B — 7K Puzzle

We begin by reviewing the B — wK puzzle. As in Ref. [116] we can analyze the B —

7K decays in terms of topological amplitudes. Including only the leading diagrams
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the B — K amplitudes become

A+0 = _Pt/c )
\/§A0+ - _Tlem + Pt/c - PLICW 5
At = T+ P,
V2A® = P — P, . (136)

Here, 7" is the color allowed tree amplitude, P/, is gluonic penguin amplitudes and
Pl is the color allowed electroweak penguin amplitude. Furthermore in the SU(3)
limit the 7" and Py, are proportional to each other and so have the same strong
phases. Now consider the direct CP asymmetries of B¥ — 7°K*+ and BY — 7~ K™ .
Such CP asymmetries are generated by the interference of two amplitudes with nonzero
relative weak and strong phases. In both At and A~F, T'-P/, interference leads to a
direct CP asymmetry. On the other hand, in A°", P, and T’ have the same strong
phase (Pgy o< 1", while Py, and P/, have the same weak phase (= 0), so that
Py does not contribute to the direct CP asymmetry. This means that we expect
Acp(BY = m°KT) = Acp(B® — n= K™).

The latest B — mK measurements are shown in Table Not only are
Acp(BT — 7°K™) and Acp(B° — 7 KT) not equal, they are of opposite sign!
Experimentally, we have (AAcp)expy = (12.2 & 2.2)%. This differs from 0 by 5.50.

This is the naive B — wK puzzle.

Mode BR[lOfﬁ] ACP Scp
Bt — 7tK°% | 23.79+0.75 | —0.017 +0.016
BT - 7K+ | 12.944+0.52 | 0.040 & 0.021
BY - 7~ K+ | 19.57+0.53 | —0.082 4 0.006
BY — 7K | 9.93 £0.49 —0.01+0.10 | 0.57+0.17

Table 25: Branching ratios, direct CP asymmetries Acp, and mixing-induced CP
asymmetry Scp (if applicable) for the four B — 7w K decay modes. The data are taken
from Ref. [52].
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5.3.3 Model-independent new physics formalism

In the general approach of Ref. [127, [128], the NP operators that contribute to the
B — 7K amplitudes take the form O%}% ~ 5@l q (¢ = u,d), where I'; ; represent
Lorentz structures, and color indices are suppressed. The NP contributions to B — 7K
are encoded in the matrix elements (7K | (’)%’g |B). In general, each matrix element
has its own NP weak and strong phases.

Note that the strong phases are basically generated by QCD rescattering from
diagrams with the same CKM matrix elements. One can argue that the strong phase
of T" is expected to be very small since it is due to self-rescattering. For the same
reason, all NP strong phases are also small, and can be neglected. In this case, many

NP matrix elements can be combined into a single NP amplitude, with a single weak

phase:
> (K| OF#|B) = At . (137)

Here the strong phase is zero. There are two classes of such NP amplitudes, differing
only in their color structure: 5,I';b, @sl'jqs and 5,163 Gsl'jq0 (¢ = u,d). They are
denoted A"%ei® and A'C9e1°  respectively [128]. Here, @/ and @/ are the NP
weak phases. In general, A" # A9 and o # <I>;C. Note that, despite the “color-
suppressed” index C', the matrix elements AC4e® are not necessarily smaller than
A1ei®a,

There are therefore four NP matrix elements that contribute to B — 7K

decays. However, only three combinations appear in the amplitudes: A>"bei® =

— At 4 Adei®y ACuei® and A'C4ei®s [128]. The B — K amplitudes can

now be written in terms of the SM diagrams and these NP matrix elements. Here we
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neglect the small SM diagram P/ but include the color suppressed amplitudes:

AT = —F. - %P,’;CW + A Ol
V2AYY = Pl —T'e" — PL, — C' e — ; PIC 4 Aeombi® _ giCu vl
At = P —Te" — § o A/C G
V2AY = P — P, — e — % iC Ly pscombei® Ol (138)

Here we can define the various matrix elements as

ACIGE = 2 (xOKO| ML, | BY) = (xt KO MY, |BY)
A/C,ueiq);c

= —V2(r"Kt|HY . |BTY = (" K| HY,,|B°)

Areomb® 3 O R] [ 4 ] (BT = V2 (KO [HY, + HE,] | BUI30)

In our model H%, and H%,, are absent while H%, and H¢ .. are defined in Eq.

and Eq. [I33] In the factorization assumption and using Eq. and Eq. we get

the following results for the non-zero amplitudes,

X0+ X3
Ne

x (7| dgvu(14+7°)bg | BY) (K°| $a7v*(1 4 7°)dq |0)

A/C,d€i<1>’dc — [X6 - X§+

A/,deiq):l — \/§ X6 —|—X§+ ¥

X (K] 8571+ 7°)bg | BT) (7°] da™(14+7°)da |0)  (140)

X6 _ X3]

In Ref. [129], a different set of NP operators is defined:

rui®) 1d_id!
Ate®u — AP

/ i
Pry npe™Ew

B/ 1 i H!C 2 iH/C
P]/VP elq)P — : AIC,uequu . A/C7d€lq>d 7
- 5/C - H/C H/C
P/C P elq)EW — A/C,ue’LCPu A/C,delq?'d ) (141)

67



In this case we have

/ 1P’
Ppywnpe™ PW =

1C i®'C
Pgwnpe™ ?W

@),

/ 7
Pype

NP fit (1): x*/d.o.f. = 3.75/4,
p-value = 0.44
Parameter Best-fit value
(67.5 +3.4)°
6] (21.80 £ 0.68)°
il (37.0 £ 12.6)°
|T"| 19.1+2.8
| P/ | 48.7+ 1.2
Pownp 8.6+25
P&y np 27+1.1
op;. (4.0 £ 1.1)°
Ocr (—60.0 + 115.6)°

1,d _i®’
—A"e®a

2 - H/C
gA,C’dGZ(I)d

= _(2/3)P;ECI;V,NP

. A/C,d ei@f .

(142)

NP fit (2): x*/d.o.f. = 3.82/4,

p-value = 0.43
Parameter Best-fit value
(74.7 £5.2)°
6] (21.80 £+ 0.68)°
ol (18.7 + 33.9)°
|T"| 197+ 7.1
| P/ 45.5 + 3.9
Pownp 6.7+ 3.9
P;ECI;V,NP 6.5+ 3.7
op;. (—4.0 £2.0)°
dcr (—48.9 + 23.5)°

Table 26: x2,;,/d.o.f. and best-fit values of unknown parameters for the Diquark model
where the Fit 1 has X% = X3, and Fit 2 has X® = 0. Constraints: B — 7K
data, measurements of 5 and v, |C"/T"| = 0.2, | Py xp/Phwypl = 0.3 (Fit 1), and
|P]{ECI;I/,NP/P1’/EW,NP| =1 (Fit 2)-

We consider two models, the first with

X = X

wl
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This leads to PS5y xp/Phyw.yp = 5 with both amplitudes having the same weak phase.

o, Y6 Y*G
bwNp €Y = —di;lzdm\/ﬂfﬁ\ 557u(1+7")bg | BY) (0] 5av(1 +7°)da |K°)
S
. 2 .
e e
Py ype®iv = —ACE = P ei®ew 3 (144)

The second model has
X? =0 (145)

This leads to Pfy, yp/Phwyp = 1, again with both amplitudes having the same weak
phase.

A X2 fit for the new physics within this scenario was performed to determine
the parameters of the model. The procedure for deterimining such a fit is as follows.
We define the function

N
=Y <@XT—(:M)2 (146)

i=1
where O, and AQ,,, are the experimentally determined quantities with their asso-
ciated uncertainties, respectively, as listed in Table 25 Oy, are determined from the
model and are thus functions of the unknown parameters. The goal from here is to find
the values of the parameters that minimize y2. There are many programs available to
accomplish this, one of the most widely used is MINUIT [7§], which is used here. The
goodness of the fit is determined by the value of x? at the minimum and the number
of degrees of freedom in the fit. The degrees of freedom are the number of constraints
included in the fit minus the number of parameters that are fitted. In this case the
number of constraints is 13: the B — mK data, the independent measurements of (3
and -, and the constraints on |C’/T"| and |Pgy yp/Phw nypl- The number of param-

eters is nine and we have that the number of degrees of freedom are four. A “good”
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fit is one where Y2, =~ d.o.f., but a better measure is the p-value which gives the
probablility that the model tested adequately describes the observations.

The results of the fit for this case are shown in Table 26| Here the p-value is
44% for X6 = X3, and 43% for X® = 0, which is not bad (and is far better than that
of the SM).

The SM T’ diagram involves the tree-level decay b — aW**(— us = K™).
The NP Py, vp diagram looks very similar and is expressed relative to the 7" di-
agram. Within factorization, the SM and NP diagrams involve A,x = FFZ7™(0)fx
and Ag, = FP7K(0)f., respectively, where Fy’ 7*7(0) are form factors and f, x are
decay constants. The hadronic factors are similar in size: |Ax./Arx| = 0.9£0.1 [125].

Taking central values for X = X3 we have [116]

' = Ar g [Yd613Yd*162}

Ppwap| 2A x| X7 86
T B AWK(GF/\/§)|Vub*VuS| 19.1
Y6 Y*G
—A3d12 ) — (344£1.2) x 107% TeV ™2 . (147)
2myg
For X® = 0 we obtain
Y6 Y*G
—A3d12 ) — (2.6 £1.8) x 107% TeV ™2 (148)
2myg

5.3.4 Neutral Meson Mixing

Diquarks, inspite of being charged, through their coupling to the same generation
quarks can mediate the mixing between neutral mesons at tree level. Following the
convention in [I30], the mixing can be depicted as the six dimension operator:

*ijy skl
Y7y
2
ms

Oz = w_kR’Y#wiR &IR%WR (149)
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The 90 % C.L bounds on the corresponding Wilson coefficients[I30] is then given as:

x117/722
Yd Yd

K° - K° —4 4 | < 29x1078
4N2G pm?
B V2Crms

B3 — B3 4\/d§G—d2 < 7.0x1077
Y*22}F/Q?ZIS

B: - B¢ —4 1| < 33x107°

5.4 Numerical Analysis and Discussion

Before we go ahead with the analysis, we first discuss the limits from collider experi-
ments. The Collider experiments provide direct limits on the leptoquark states through
their decay to leptons and quark in the final state. There have many studies where
potential signatures are discussed [I31], 132]. The leptoquarks can be pair produced
from gg and ¢q or singly produced at hadron colliders via g + ¢ — Sy +lepton. Recent
studies at ATLAS[133] and CMS|[134] with 13 TeV data puts a bound on the scalar
leptoquark mass, my > 1,1.2(ATLAS),0.9(CMS)TeV when decays to ue, cu and tr
with 100% branching fraction, respectively at 95 % C.L. The previous results[135, [136]
at 8 TeV from the search of single leptoquark production were of order 0.65TeV for
final state cu. So, for our analysis, we will be taking my > 1TeV.

Similar to the Leptoquarks, Diquarks can be looked at the LHC through dijets
in the final state. The recent studies at CMS on dijet final states allows scalar diquark
of mass greater than 6 TeV. However, these limits are derived for the Fg diquark
which couples with an up-type quark and a down-type quark[I37]. These limits are
very sensitive to the assumptions of decay branching fraction as well as the flavor
dependant coupling strengthes. Also, the diquark in our work couples only to down-
type quarks contrary to Eg diquark. This leads to a decrease in the flux factor and
hence the crossection and thereby the bounds on mg should be lower. Hence, we would
assume mg € [5:20] TeV, covering all the important values.

With these mass range of scalars, we first randomly generated a sample of

diquark couplings satisfying the constraints discussed in section 3. For mg € [5 :
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20] TeV, the B — 7wK fit requires Ydm’13 to be greater than 0.1. So we genrated
this couplings randomly in range [0.1 : 1]. We fixed Y;?* of order 1072 and Y was
generated € [107* : 1072]. The choice for Y» is justified in the context of neutrino
mass calculation as this coupling is multiplied to square of bottom quark mass. For
the remaining Ydij, ie, de,127 we scan in range [107°,1]. Except Y, all the diquark
coupling can be complex. It should be noted that the signs of the couplings are
randomly assigned with equal probabilities being positive or negative in the whole
calculation.

As for the leptoquark case, Y;*" couplings(real) are generated randomly in the
range [107° : 1]. With the obtained sets of couplings, we calculated the strength
of leptoquark couplings for randomly genrated LQ mass solving EquI12] so as to
get the correct neutrino masses. The Neutrino mass matrix in Eqn[I12] gives six
equations corresponding to six independent parameters given in Table 27, We have
kept majorana phases to be 0, and have employed the 20 ranges for the neutrino
mixing parameters for Normal Hierarchy from [I38], [139]. Finally, we selected those
sets of LQ couplings that satisfy all the constraints in section [5.2] The results for the
LQ couplings are given in Fig[I2

The pattern in the lower limit of 3/222’23 coupling is mainly decided by b —
s¢*t¢~ anomalies. The DQ couplings Ydm/ ' always comes with product of down and
strange/bottom quark masses in Eqn Since down quark mass is very small, the
largeness of the coupling doesn’t have very strong effects.

We have compared our results obtained for leptoquark coupling with the results
given in [I11] and [140], and found them consistent. A few benchmark points(B.P) are
given in Appendix A. For these BP, we present branching ratios for the rare decays in
Table [28. Hence, this analysis shows that the B anomalies and the neutrino masses

can all be accomodated in a consistent framework.
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om?2 7.07 —7.73 x 107 %eV?

sin? 65 0.265 — 0.334
|Am?| | 2.454 — 2.606 x 10~ 3eV?
sin? 6,5 0.0199 — 0.0231
sin? Oy 0.395 — 0.470

5/ 1.00 — 1.90

Table 27: Neutrino data with 20 deviation for Normal Hierarchy[138] [139)].

[Y4"3img|(Tev™)
e

0.01

0.1
[¥4'2/mg|(Tev™")

12
Y,

13
Figure 11: The correlation between m—' and 2! The shaded area correspond to
S mg

mass range mg € [5 : 20].

B.P | BR(B* — ¢7t) | BR(B* — ¢7°) | BR(BT — ¢¢)

A 1.45 x1071° 7.2 x10~ 1 1.45 x10~12
6.5 x10714 3.2 x107 1 6.5 x10~16

C 1.19 x10~12 5.95 x10~13 1.19 x10~

Table 28: Branching ratio obtained for the couplings that can produce required neu-
trino mass and also satisfy the constraints coming from B — 7K puzzle.

5.5 Conclusion

In conclusion we have discussed a unified framework to provide solutions to three
problems. They are the anomalies in b — su™ p_ measurements, nonleptonic B — wK
decays, and the issue of generating neutrino masses and mixing. Our framework
contained a scalar triplet leptoquark, a scalar color sextet diquark, and also, possibly,

a color antitriplet diquark. We considered several low energy as well as collider bounds
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on the leptoquark, diquark couplings and masses. For the leptoquarks these low energy
observables included the b — s/~ measurements. The solutions to the B — 7K
puzzle provided constraints on products of the diquark Yukawa couplings. We then
checked that the correct neutrino masses and mixings were reproduced with the allowed
couplings of the leptoquarks and diquarks. We also predicted the branching ratios for a
few rare B decays whose observations could signal the existence of diquarks. However,

we found the branching ratios of these decays to be unobservably small.

5 6 7
my (TeV)

5 6 7 5 6 7
m (TeV) m(TeV)

5 6 7
my (TeV)

Figure 12: Parameter space scan in Ylij — my, plane.
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6 Axion-like particles resolve the B — mK puzzle
and g — 2 anomalies

The b-quark system is known to be an excellent place to test the Standard Model (SM)
as well as models of New Physics (NP). Flavor Changing Neutral Current (FCNC)
processes like b — s penguin decays are ideal places to look for NP. The FCNC de-
cays in the B system have been studied in detail by experiments over the years. In
recent times, measurements in the FCNC semileptonic b — s¢*¢~ decays have re-
vealed discrepancies with SM predictions. These discrepancies, or anomalies, have
been widely studied over most of the last decade. Almost a decade before the semilep-
tonic b — st~ anomalies arose, another anomaly in non-leptonic B-meson decays
dominated by b — s penguins had attracted a great deal of interest. The anomaly
was in the CP violation measurement of B — 7K decays where an inconsistency was
observed and this was called the “B — 7K puzzle” [112, 113, 114]. The amplitudes of
the four B — 7K decays, BT — 7" K° (designated as +0 below), Bt — 7°K™* (0+),

BY - 7Kt (—+), and B® — 7°K? (00), are related by a single isospin relationship,
V2AY 4 A = 24  AF0, (150)

In these decays, experiments measure nine observables: the four branching ratios, the
four direct CP asymmetries Acp, and the mixing-induced indirect CP asymmetry Scp
in B — 7°KY Expressing the B — 7K decays in terms of topological amplitudes
one can perform a fit to obtain the SM as well as the NP amplitudes [I15]. As
new experimental numbers were reported, updated fits were performed in Refs. [141],
129] [176], 117, 118]. Although the fits revealed a strong hint of NP in these decays,
complicated strong dynamics made it difficult to draw a definite conclusion.

In this paper we explore the possibility that a light pseudoscalar particle close
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to the pion mass can solve the B — 7K puzzle. The key observation is that in the
B — wK set of decays, the discrepancies from the SM predictions involve modes with
a m in the final state. The basic idea to solve the B — 7K puzzle is to assume

0. In our model,

that there is a light pseudoscalar particle, a, that mixes with the 7
an FCNC B — Ka amplitude is generated through the usual top-penguin diagram
followed by the a mixing with the 7° to produce a new contribution to the B — K«
amplitudes. We then show that this new amplitude can solve the B — 7wK puzzle
while being consistent with constraints from various other processes. We point out

that the ALP can also solve the (¢ — 2), . anomalies via its couplings to leptons and

photons.

6.1 B — 7K puzzle

We begin by explaining the B — 7K puzzle by following the discussion in Ref. [116].
Within the diagrammatic approach [9,[142], B-decay amplitudes are expressed in terms

of six diagrams. The B — mK decay amplitudes are

AT = Pt Pl — PGy, (151)
V2A™ = T — ('™ + P, — Ple" — Ppy — %PfECW, (152)
A" = —T'¢" + P, — P — gpgav , (153)
V2AY = —C'e" — Pl + P — Phy — %be%v. (154)

The various diagrams are discussed in Ref. [IT5] and in the topological amplitudes
above, we explicitly show the weak-phase dependence. In these decays the electroweak
penguin amplitudes play an important role and it has been shown [143] 144} [145] that,

to a good approximation, the electroweak penguins Py, and Pr can be related to
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the tree-level diagrams 7" and C’ within the SM using flavor-SU(3) symmetry:

3Cg+610 369—010

P = R(T' +C' R(T — '
ol (T"+ ")+ p— ( )
3c + C1p 309_010
pc - 22 R(T +C"-"° R(T —C' 155
BV T 1t o (1" +C") p— ( ) (155)

where the ¢; are Wilson coefficients (WC) [146] and R = [(V;;Vis)/ (V.5 Vus)| = 45.8 [52).
Following Eq. (155)), Pfy, receives a relatively large contribution from 7” but a much
smaller contribution from C”. In contrast, Py, receives a relatively large contribution
from C’" and a much smaller 7" contribution. In this sense, Py, and T" are of roughly

similar size, and so are Py, and C”.

6.2 B — 7K puzzle simplified

Keeping the leading-order diagrams in Eq. (151f), the B — 7K amplitudes become

A+0 = _Pt/c )
VEAY = T4 P~ Pl
At = T+ P,
V2AY = —Pl — Py (156)

Consider, now, the direct CP asymmetries of B¥ — 7K* and B — 7~ K*. A
direct CP asymmetry is generated by the interference of two amplitudes with nonzero
relative weak and strong phases. In A~T, T'-P], interference leads to a direct CP
asymmetry. Note that Ppy,, and P,. have the same weak phase (= 0). As discussed
earlier, Ppy,, o< T" once we neglect C” (see Eq. . Therefore, if we assume that
Ppy and T" have a similar strong phase, the contribution to direct CP-asymmetry in
A% can be assumed to be originated from the interference of 1-P/.. This means, to
leading order in |T"|/|P}.|, we expect Acp(BT — 7°KT) = Acp(B® — 7~ K™).

The latest B — mK measurements are shown in Table Not only are
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Decay BR(x107°) [147] Acp Scp [147]
BT — T KY 23.79 £0.75 —0.017 £ 0.016 [52]
Bt — 'Kt 12.94 + 0.52 0.025 4+ 0.016 [14§]
BY - KT 19.57 £0.53 —0.084 £ 0.004 [149]
BY = m°K® | 9.93 +0.49 —0.01+0.10 [147] | 0.57 £0.17

Table 29: CP-averaged branching ratios, direct CP asymmetries Acp = [BR(B —
F)—BR(B — F)|/[BR(B — F)+BR(B — F)| (with final states F', F'), and mixing-
induced CP asymmetry Scp (if applicable) for the four B — 7K decay modes.

Acp(BT — 7°K™) and Acp(B° — 7~ KT) not equal, they are of opposite sign!
Experimentally, (AAcp)ep = Ap — Agh = (10.8 £ 1.6)% which differs from 0 by
6.50. We have performed a fit to data with the SM parameters. The fit is of poor

quality, as we show below. This is a simplified version of the B — 7K puzzle.

6.3 ALPs

Axions and axion-like particles have been extensively studied since the introduction
of the axion to solve the strong-CP problem [150], 151 152, 153]. For our purpose,
we assume that there is a pseudoscalar ALP a, that is a pseudo-Nambu-Goldstone
boson, emerging from the breaking of some global U(1) symmetry. We write the

flavor-conserving Lagrangian for a at low energy as

1 1 , m
L, = §(aua>2 - 57713@2 —iy ffof’sta
f=d

. mye - 1 ~
- ZZWTff’YE)fa - Z’{aFuVFM ) (157)
f=u

where § is the ALP decay constant, and the dual electromagnetic field tensor is Fr =
%e*“’aﬁ F,3. The last term of Eq. reproduces the anomalous 7%y~ coupling if a
and k are replaced by 7° and g, = ‘[—]%:‘ ~ 2.5 x 1072 GeV~! (with the neutral pion
decay constant f, = 130 MeV), respectively.

We assume the ALP has properties that are desirable to solve the B — 7K
puzzle. We take a to have a mass close to the 7% mass and require it to promptly

decay to the v final state via its mixing with the 7. The decay a — 7 can occur
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through a direct coupling to photons or through mixing with a 7° and so its effective

coupling is

Gary = K+ 800G, (158)

where sinf is the a — 7% mixing angle. The ALP width is then I'y = g2 m3/(64n),
which reduces to the 7° width for x = 0 and sinf = 1. Assuming £ < sin g,
[, ~ sin?6l 0. Since we will be interested in siné ~ 0.1 for m, ~ Mo [154], we have
[, ~ 10720 < m,. Constraints on the ayy coupling with the ALP mass near the 7°
mass have been obtained from collider and astrophysical observations [155] [156, 157,
158, [159]. Our choice for the a7y coupling is consistent with existing constraints. Note
that our g.,, is unrelated to a tree-level Za~y coupling that arises in models in which
the ALP couples to the W and Z bosons. One-loop contributions to the Za~y coupling
from charged fermion loops are at least three orders of magnitude smaller than the
fermion couplings [160]. For n,,&; ~ 0.01 and &, ~ 0.1, our model is unconstrained
by the Z — 7%y branching fraction [160} 161].

In our model, the ALP contributes to B — wK decays through the b — s
penguin which arises from the usual penguin loop and is divergent. We write a
renormalization-group equation for the WC of the FCNC operator [162, 163, [164]

and obtain the penguin amplitude at the electroweak scale,

Ebsa(,uEW) = gbs(,uEW)EPRb a, with

e (A)my \/§Gpmf VeV A?
= In — 1
Gbs(ftEW) 7 ; 6.2 n 2 (159)

where A = 47§ is the scale of new physics. We ignore the running of the WC to the
scale u ~ my where we do our phenomenology. This is justified in our analysis as
the renormalization-group corrections are suppressed by « [163] and so gps(ppw) =~

gbs(mp). Including the loop term, the onshell (b — sa) and offshell contributions
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(b — sa — b — sqq), where g = u, d, are given by

Eonshell — gbs(:u = mb) [EPRb] a = [Jb_>3] a,
&t dd + e
ﬁoﬁshell — [Jb—>s] 5 ( 1 60)

mz, —m2 +1imaly

6.4 New Physics B — 7K fit

To calculate the axion contributions to the B — 7K decays we can calculate an onshell
and an offshell contribution. In the onshell case we assume there is mixing between
the a and the 7° and so we can define a transformation between the gauge and the

mass states as

la) = cosf |apny) +sind {Wghy> ,

|7r0> = —sinf|apny) + cosb |7Tghy> . (161)
The onshell and offshell contributions to the ALP amplitude for B — Ka — K give

A _ Aonshell + Aoffshell ’ Where (162)

Aonshell _ <K| Jb—)s ’B> <CL |7T0 > — <K‘ Jb—)s |B> Sing,

phy
Aoffshell — mfro <K‘ Jb%s |B> |:7]uf7r o gdfTr :|
2 W2 2V2f]

mZ, —mZ +imgl,

Here,

(K| Jyss |B) = gus (K| 5Pgb|B) | (163)
(K|sPab|B) = [(mi)gar—

) 5 (164)
(K|5v"b|B) = f(¢*)@ + plk)

+ () — P) - (165)
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We use the naive-factorization relations to calculate the offshell effect:

7 fﬂm20
O dvysd |0y = —L—r
(7] dv5d |0) o
2
(| aysul0) = 2{;_% ;
!Jd> — |uw)

|7%) = 7 (166)

Note that the effect of the offshell contribution can be absorbed in an effective mixing

angle,

m72r0 N — gd f7r

. 1
NSRS R (167)

sinf — sin 6 +

2

70

where we have assumed 'y < |mzo — mg|. The term proportional to m?2, is the same

O mixing term usually discussed in the chiral Lagrangian description of

as the a — 7
the interaction of the ALP with mesons, with the ALP-quark couplings induced by
the ALP coupling to gluons; see for example Refs. [165, 166]. A similar mixing term
proportional to m? is included in the onshell contribution to sinf, i.e, in the first
term on the right-hand-side of Eq. . Iff=1TeV and sinf ~ 0.1 with the mixing
arising primarily from the second term, then |1, —&;| ~ 0.01 gives |m,o —m,| ~ 1 keV.
Detecting an ALP so close in mass to the 7° will pose a challenge for B factories which

0

have a 7° mass resolution of a few MeV [167].

With the ALP NP contribution added, we have for the B — 7w K decays,

Noz—%—%w—%%” (168)
VA" = T Ol 4 P Pl — Pl — 2Pyt A, (169
A+:-TW+&—%w—?ﬁh (170)
V2A® = —C'e" = P+ P — Ppy — %P&% +A, (171)

which satisfy Eq. (192)). We simplify our fit by setting P, = 0 and taking the QCD-
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Parameter | |C'|/|T'| = 0.2
2/ dof 3.64/3
p-value 30%

T 6AE15
P 50.30 + 0.47
A 6.4 + 3.4
der 186 £+ 54
S prer _18145

Table 30: A fit of the SM amplitudes 7" and P/, the relative phase of C’, and the NP
amplitude A with a fixed phase of 7/2. The 8 measurements fit are the 4 branching
ratios, Acp(—+), Acp(0+), Acp(00), and Scp(00); we do not fit Acp(40) since
it is independent of all parameters in the table. Magnitudes of the diagrammatic
amplitudes are in eV and phases are in degrees. Note that the magnitudes and phases
of the electroweak penguin diagrams are obtained using Eq. .

factorization inspired value for the ratio |C’|/|T”| = 0.2 [168]. Typically to solve the
puzzle we need |A| ~ Pfy, ~ T". Notice that 7" is not the dominant amplitude as it
is suppressed by CKM elements.

A fit of just the SM amplitudes using the 4 branching ratios and the Acp(—+)
measurement (which are the most constraining measurements) yields a x?/dof =
2.66/1, and we are left with very large errors in the other Acp measurements. In fact,
fitting to all observables other than the Acp(+40), in the SM we obtain x?/dof = 11.0/4
which is a poor fit. This requires us to include the ALP amplitude A. The minimal
fit that can be done to extract this amplitude is given in Table Any additional
constraints on the system yield central values that differ by just a few percent.

This value of |A| allows us to evaluate sinf using Eq. (198). Using values of

the masses taken from [52], the form factors from [169], and taking f = 1 TeV, we find
|A| = in(A)sin6 [5.71 x 107° GeV] . (172)
Using the value for | A] obtained from the fit, we have

n:(A)sinf = (1.12 4+ 0.60) x 1072 . (173)
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We now extract just the sin @ term. The coupling 7;(A) is unknown and cannot
be properly extracted using this method. Note that if we just consider the branching
ratio B — Ka we have

PKTB |«4|2
BR(B — Ka) = 87rm23 a0

(174)

Using | A| obtained from the fit and branching ratio values 107° and 2 x 107,

we find

sinf = 0.188+0.029, (175)

sinf = 0.133+0.021, (176)

respectively. Note that a careful search of the decays B — Km° around the 7 mass
may be able to observe the ALP as a diphoton resonance. We determine the value of

n:(A) by using the value of sinf = 0.133 £ 0.021:

n(A) = (8.4+4.7) x 1072, (177)

6.5 K — ma amplitude

We first consider the amplitude of K+ — 7+a. This can come from 7°

— @ mixing,
so that Kt — 7t7% — 7ta. There is also direct production through the weak
current [166] which we can make small by an appropriate choice of ALP couplings to
the light quarks &;,, and 7,. Hence BR[Kt — 7%a] ~ sin?BR[KT — 7% and
this decay will be swamped by the K+ — 7+7% decay. This is also the FCNC s — d

transition that arises from a penguin loop (see for example Ref. [I70]) that contributes

to KT — 77a, K — 7% and K2 — 7%a. Using n;(A) = (8.4+4.7) x 1073, we obtain
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the branching ratios in the penguin generated K — mwa decays:

BR(K' — 7na) = (4.24£3.3) x 1078, (178)
BR(K} — %) = (1.8 +£1.4) x 107", (179)
BR(K? — 7%) = (5.5 £ 4.3) x 107", (180)

Other constraints from the B and the K system are discussed in Ref. [I71] in which a

model with similar structure and parameters has been considered.

6.6 D system

We now consider the contribution of the ALP to the D — K system. In our model
the ALP enters a meson decay process only via a one-loop penguin diagram when the
final state has a 7°. Based on the CKM matrix elements that enter in the amplitude,
D-meson decays can be broadly categorized into Cabibbo-favored [ox V:V,4], single-
Cabibbo-suppressed (SCS) [ox Vi Vg or o« ViV, and doubly-Cabibbo-suppressed
[ox V2 Vius]. Of these, a penguin diagram can only appear in the SCS D decays, and only
three of these involve a 7° in the final state (D° — 7%7% Dt — #t7x0 DFf — KTr0).
The ALP-penguin amplitude A, introduced earlier in B-decays, also contributes to
each of these decays. A key difference is that in D decays the bottom quark, rather
than the top quark, runs in the penguin loop. We denote this new amplitude by AP.

Since the penguin diagram here is similar to the diagram that contributes to
the B decays, we obtain similar expressions for the ALP contribution in the D system.

Key changes appear in the quark flavors, since instead of a b — s transition, now we
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have a ¢ — w transition:
AP = geu (PlJesu| D) (almyy) (181)

£b<A>mc ﬂGsz ‘/czvub A2

cu - In —

g f 1672 bl
= &(A)e 7 [5.81 x 107 GeV] , (182)
(PlUolD) = JP=P(md) T ppopay Mg

P e )y T T )
where

(7] Jussu| DY = 6.52 GeV (184)
(K|Josu| D) = 6.43 GeV (185)
(K|Jossu| Ds) = 6.26 GeV . (186)

The phase v arises from the CKM matrix element V,,. Now, with the value of sinf
obtained from the B decays, assuming ,(A) < n:(A), and §f = 1 TeV, we find that the

ALP contribution to the D decays,

|AP| <5 x 107 GeV. (187)

This amplitude is several orders of magnitude smaller than the typical SM contribution
in SCS decays, which are of the order of 107 GeV [13]. We, therefore, conclude that
the ALP contribution does not significantly affect D — K branching ratios. In Table
we provide the experimental values for the magnitudes of the decay amplitudes
(calculated from the measured branching ratios) and the direct-CP asymmetries. We
now estimate the contribution of the ALP to the direct-CP asymmetries in SCS D-

decays as follows. The generic D-decay amplitude in the presence of the ALP can be
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Process Expt. |A] (x107" GeV) | Expt. Acp
D% — 7070 3.54 £0.05 0£0.6
Dt — gtrl 2.738 £ 0.006 24£1.2
Df — K+r' 19+1.1 —26.6 = 23.8

Table 31: The magnitudes of measured amplitudes and direct-CP asymmetries in SCS
D-meson decays. Only included are processes in which the ALP contributes.

expressed as,

Apokr = |asule?e® +i| A", (188)

where agy; is the magnitude of the SM part of the decay amplitude, ¢ is the relative
strong phase, and ¢ is the relative weak phase between the SM part and the ALP

contribution. This leads to the direct-CP asymmetry,

22 8in 0 cos ¢
A = 189
or 1+ 22+ 2xcosdsing’ (189)

where © = |AP|/|asn| < 1077, Clearly, a nonzero CP asymmetry can appear even if
the SM term has a small weak phase. This property is due to the ¢ in the coefficient
of the ALP term in Eq. which changes sign under CP conjugation. Also, since
x <1077, the ALP’s contribution to Acp in D-decays is several orders of magnitude

below the current sensitivity of flavor experiments.

6.7 (9 —2),. anomalies

Our scenario can be easily extended to explain the anomalies in the anomalous mag-
netic moments a; = (g — 2),/2 of the muon and electron. We consider the 4.2¢ a,
anomaly from a combination of the BNL and Muon g-2 experiments [172] with

Aa, = a® — a3 = (251 +£59) x 107" (190)

“w

There are two values of a, which are inferred from measurements of the fine structure
constant, and that are inconsistent with each other. The a, value obtained from

Laboratoire Kastler Brossel [I73] and Berkeley [I74] measurements of the fine-structure
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constant yield [175], 176, [177]

Aa¥B = &P — gKB = (4.8 +3.0) x 10713

€ €

AP = a® —aP = (—8.8+£3.6) x 10713, (191)

€

Under our assumption that x < sin# g, the couplings of the ALP to the
muon and electron must be &,m,/f ~ 107° and &m,./f ~ 1077 for Aal®B [178] so

the loop-induced Zay coupling remains small. The values of &,m,/f ~ 107° and

Eeme/f ~ —1075 for Aal give a too large Zay coupling.

6.8 Summary

In perhaps a first analysis with ALPs in hadronic B decays, we have proposed a new
solution to the B — mK puzzle with an ALP with mass close to the 7 mass. Our
solution preserves the isospin relation in Eq. , and is consistent with constraints
from B, K, and D decays. We point out that this ALP can also explain the g — 2
anomalies of the muon and electron. A careful scan of the decay products in B — Kn°

around the 7° mass may reveal the ALP.
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7 Exploring an ALP near the 7° mass

Axions and axion-like particles (ALP) are one of the most well motivated extensions of
the standard model (SM). The axion was introduced to solve the strong-CP problem
[150, 151, 152} 153]. The phenomenology of ALPs depend on their mass and have have
been widely discussed. In a recent publication [I79] we pointed out that an ALP with
a mass close to the 7 mass could be responsible for the well known B — 7K puzzle
while also accounting for the latest electron and muon g — 2 results.

The B — mK anomaly is in the CP violation measurements in the set of
the four B — 7K decays, BT — 7t K" (designated as +0 below), BT — 7K™
(0+), BY - 7K' (—+), and B® — 7°K? (00), that are related by a single isospin
relationship,

V2AY 4 A = 24 AT, (192)

The inconsistencies in the B — 7K CP violating measurements has been called the
“B — wK puzzle” [112| 113], [114] and one can quantify this puzzle with fits in terms
of topological amplitudes representing SM as well as the NP amplitudes [115]. Over
the years many such fits were reported in response to new experimental data [141],

129| [176], 117, 118, A80]. One can understand the gist of the B — 7K puzzle via a

Decay BR(x107°) Acp Scp
Bt - 7tK°% | 2379+ 0.75 | —0.017 +0.016
Bt - 79K+ 1294+ 0.52 | 0.025+0.016
Bg — 7 KT | 19.57+0.53 | —0.084 £ 0.004
Bg — m°K% | 9.93 4+ 0.49 —0.01 £0.10 | 0.574+0.17

Table 32: CP-averaged branching ratios, direct CP asymmetries Acp = [BR(B —
F)—BR(B — F)|/[BR(B — F)+BR(B — F)| (with final states F', F'), and mixing-
induced CP asymmetry Scp (if applicable) for the four B — 7K decay modes.

simple examination of the decay amplitudes. Keeping the leading-order diagrams, the
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B — 7w K amplitudes become

A+0 = _Pt/c )
\/§A0+ - _Tlem + Pt/c - PLIUW 5
At = T+ P,
V2A® = PPl . (193)

where the various amplitudes are defined in Ref. [115]. The direct CP asymmetry
in BY — 77 K7 is easily understood as due to the T"-P/, interference. Naive esti-
mates of these amplitudes based on CKM factors as well as the Wilson co-efficients
of the effective Hamiltonian can produce the right sign and the magnitude of the CP
asymmetry as shown in Table [32] The puzzle arises in the direct CP asymmetries of
BT — 7K™ where the T'- P/, interference leads to a direct CP asymmetry. Note that
Py and P, have the same weak phase (= 0) and Py, o< 77 once we neglect C”, the
color suppressed amplitude, which implies Pj, and T ’have the same strong phase.
In other words, Ppy,, — P/. and Py, — 1" interferences do not produce any direct CP
asymmetry in Bt — 7°K T and we expect Agp(BT — 7°KT) = Acp(B® — 7~ K™).
This is clearly not reflected in in Table [32] as not only are Acp(BT — 7°K™) and
Acp(BY = 7~ K™) not equal, they are of opposite sign! Experimentally, (AAcp)exp =
AL — Agb = (10.8 £ 1.6)% which differs from 0 by 6.50.

In Ref. [I79] it was proposed that the amplitude B* — 7K™ receives a new

contribution through BT — a K+ with the ALP a mixing with the 7° thus solving the

B — 7K puzzle. To briefly review the solution, we start with the ALP Lagrangian,

1 1 , me -
L, = 5(8#(1)2 — §mia2 —i Z £foffy5fa
f=d
) my - 1 ~
- ZZWfof%fa - ZKJCZFM,,FM ) (194)
f=u

where § is the ALP decay constant, and the dual electromagnetic field tensor is Fr =
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LewweB g o The ALP generates the Bt — a Kt decay through the b — s penguin which
2 B 8 y g peng

arises from the usual penguin loop and is divergent. We write a renormalization-group
equation for the WC of the FCNC operator [162, 163, [164] and obtain the penguin

amplitude at the electroweak scale,

Losa(ptew) = gbs(tpw)5Prb a, with

o m(N)my V2GEmEVi Vi . A?
as(pEw) = i ; 62 hlmf’ (195)

where A = 4nf is the scale of new physics. In passing we note that the By — 707"
decay involves a b — d penguin which is suppressed compared to the dominant tree
amplitude and hence the axion contribution will also be suppressed. Hence, if an ALP

exist near the 7° mass then it will be easier to detect it in the B — 7K™ decay.

0

Expressing with the a — 7° mixing as
a) = cosBapny) +sinf|my.) ,
|7%) = —sinf|apny) + coso ‘ﬂ'ghy> ) (196)

the onshell and offshell contributions to the ALP amplitude for B — Ka — K7° is

written as

A — Aonshell + Aof‘fshell ’ where (197)
onshell __ 0 _ :
A = (K| Jyss|B) {a |7y ) = (K| Jo—ss | B) sin
Aoffshell — mgro <K‘ Jbﬁs |B> [quw o gdfﬂ :|
m2, —m2 +imaly [2v2f  2v2f]

The details of the various terms can be found in Ref. [I79] and the offshell contribution

can be absorbed in an effective mixing angle,

mi =& fx

m2, —mZ 2v2

sinf — sin6 +

(198)

90



where we have assumed I'y < |mgz0 —m,|. The term proportional to m?2, is the same

as the a — 7

mixing term usually discussed in the chiral Lagrangian description of
the interaction of the ALP with mesons, with the ALP-quark couplings induced by
the ALP coupling to gluons; see for example Refs. [165, 166]. A similar mixing term
proportional to m? is included in the onshell contribution to sin @ along with any new

physics contribution to the mixing. To consider how new physics can contribute to

the mixing we consider a specific scenario. We start with the mixing Lagrangian
Loiz = mim?+m2a® + 26%ar. (199)

We now introduce a singlet heavy quark D that couple to the axion and mix with the

down quark [I8I]. The Lagrangian is

Lxp = igpaDpDp+ Yyd  HDp + pDrdg + MpDyDg

+ he (200)

After electroweak symmetry breaking with (H) = v we get mg ~ %}H [181]. The

a — 7° mixing in this framework can be written schematically as,
6% ~ (n° }Jd> (dd ’DD> (DD |a)

~  gpg=Yaupt = gpgz=maMp, (201)

where we write the pion quark coupling as ig1, V57 7, ( See for example Ref. [I82]).

For values m, = 0.135 GeV, m, = 0.131 GeV and sinf ~ 0.1 we find § ~ 1072 GeV

10=2 GeV

and therefore with mg ~ 1072 GeV we get gpgr ~ Ny

In this paper we explore the experimental signature of the ALP near the 7°
mass. The paper is organized in the following manner. In sec. 1 we discuss a pro-
cedure to determine the detector signal of the ALP in By — 7K™ decay. In Sec. 2

we comment on the detection of the ALP at the Dune near detector, followed by a
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discussion of our results.

7.1 ALP in B, — 7K+

The three-body decay process B — K7y proceed through the intermediate states
B — K7° and the 7° decays to two photons. Assuming that the 7° mixes with and
axion-like particle, A we reconstruct the momentum-dependent rate distribution for
this process.

Utilizing the isobar model, we describe the full decay amplitude as follows,

A Ky (847, 8) = anrFNR + Q0 Fr0(84y) + aaFa(s4y) (202)

where .., = (k1+k2)? is the invariant mass of the diphoton. Fy, where X = NR, 7%, A,
are the dynamical amplitude for the B — K+ transition mediated by the intermediate
state X. The non-resonant contribution comes from the amplitude given in [183].
The resonant pion and ALP contributions come from the relativistic Briet-Wigner

lineshapes. These expressions are given here.

FNR = .A(B — K"}/"}/)NR , (203)
1
F, = , 204
o(57) (M2, — $yy) — 1mgol 0 (204)
1
Fa(syy) = (205)

(m% — 5y7) —wmala’

where I'y is the mass-dependent width of the intermediate particle, X = 7% A.
These will be fixed at 10 MeV for what follows. Furthermore, we will be considering

a flat contribution from the NR part. With this we have that

SPW = (kl + k2)2 = 2/{31 . /{32 s

=m% +miy — s — 5o . (206)

The parameters s; and sy are indistinguishable since the photons are indistin-
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guishable, however one will be less than or equal to the other. We define s, > s;. On

a Dalitz plot for B — K7, s, = s; is defined by the line
y(z) = (mp +mi —2)/2, (207)

where x represents s., and y represents s,. This gives the differential decay

width as

&7 11 ,
= . 208
ds,,ds;  (2m)3 32m% [As— ] (208)

Since we will be interested in the differential decay rate as a function of the

diphoton mass we integrate out the s; dependence and find

AU Esy/E} —m3

2
ds., 12873mS3, |AB—>K(W°—>)W + A (kKas)yyy| + NR, (209)

where NR includes all contributions from the non-resonant portion along with the

interferences with the non-resonant amplitude, and

E2 = s’y’y )
2
2 92
B =" Tk (211)
2\/5yy

(210)

Furthermore, in this case, we have that m; = 0 and the decay rate simplifies to

dF . 6(m287m%(7377

2
ds,,  512mm}, ) | A= k(n0-)yy + Apo(asyn| +NR, (212)

where 3(a,b,c) = a*> + b* + ¢ — 2ab — 2bc — 2ca.

7.1.1 Generating a signal

The goal of this section is to generate a semi-real signal that would be measured by
a detector. To accomplish this we must convolve the theoretical decay rate with the

detector sensitivity and then generate event counts in the bins utilized by the detector.
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Using the differential decay rate given in Eq. the assumption that the
amplitudes B — K7° and B — Ka are equal, and further assume that the non-
resonant part is flat, we are able to generate a plot of the decay rate as a function of
the invariant diphoton mass near the mass of the pion. Fig.[13|shows a representative
example with an ALP mass of m, — 10 MeV. Since this is a theoretical construction of
the decay rate, we could never hope that a detector would be this sensitive. We must
take this signal and smear it with a Gaussian convolution

_(@=E)?

dr e 2w@? (213)

o, B) = w(x)lx/% /x:m

where w(z) is the energy-dependent resolution of the detector (in the present case we
use the resolution of the Belle IT detector [184]), and E is the measured energy. This

gives us a smeared decay rate of

Tmax Ymax 2 1
smear / dl’/ dy Zy mB7mK7y )

_le=w)?
X e 2w(@)? ‘AB—)K(WO—> Yy + AB*}(KCL*} 77} + NR (214)

where y = VS5 and Ymax = mp — mg. We will perform this smearing for each value
of z in the full range of s,, so that we have a theoretical signal for the differential
decay rate that incorporates the sensitivity of the detector, performing the integration
over y for each value of x. An example of the result of this process is given in Fig. [13]
Since the ALP mass is so far from the pion mass we see that there is an additional
‘hump’ in the distribution. As the masses approach each other, this structure will
become less and less pronounced. The goal is to discover the minimum Am between
the ALP and pion that this structure can be distinguished.

We now proceed to construct event counts in each bin. The binning procedure
has some degree of arbitrariness in the selection of where the binning begins. We
alleviate this by randomizing the binning. For a given binning we determine the

partial rates for each bin by integrating over x for that bin. We incorporate the noise
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1e—16 Mass of Axion = 0.1250 GeV

1e—13 Mass of Axion = 0.1250 6 . theory
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Figure 13: Representative decay rate as a function of diphoton mass. This example
uses an ALP mass 10 MeV less than the pion mass. On the left is the pure signal. On
the right is the convoluted signal.

of the detector by assuming a normal distribution with a central value equal to the
number of events and a width equal to the square root of the number of events in that

bin. An example is shown in Fig.

Mass of Axion = 0.1250 GeV

700 1 + + + # of events

B0 - +
500 1
400 A +

300

# of events
+

200 1

+
100 - +

pd + + + + +

011 012 013 014 015 016

Figure 14: Binned event counts for an ALP mass 10 MeV less than the pion.

7.1.2 Fits

Now that we have generated a rudimentary signal from a detector we now perform a

fit on these data. For each set of data we fit a single Gaussian curve and a double
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Gaussian curve, both normalized by the total number of events. An arbitrary single
normalized Gaussian has 3 parameters: a central value, a width, and a scaling factor.
A double Gaussian is determined fully by 6 parameters: 2 centers, 2 widths, 2 scaling
factors. Since the double Gaussian fit has more parameters, we expect that fit to be
better than the single Gaussian in each case, however, this could be due to a simple
increase in the number of parameters. To mitigate this arbitrary improvement we work
with the reduced x? value. We begin to compare the fits by calculating the y? value
for each of the fits. We take the fitted curves and compare the values at each of the

bin centers to the number of events in that bin and sum the squares.

vey (2L (215)

where O is the actual number of events in bin 4, and f(z;) is the value of the fitted
gaussian at the bin center, x;. This gives us a measure of how well the fitted curve fits
the available data.

The reduced x? is simply the y? value divided by the number of degrees of
freedom, in this case the number of bins minus the number of parameters in each
fit. We perform a large number of these fits for various values of ALP mass near the
7% mass and ALP widths ranging from 10 eV to 1 MeV. What we are looking for is
a range of values for these quantities that will allow detection of the ALP to better
inform experiments on what to search for.

From the results given in Table [33| we see that for an ALP mass greater than
about 3 MeV from the pion mass in either direction shows that the double Gaussian fits
the data better by a significant margin. Indicating that the ALP is there but masked
by the signal of the 7°. For masses closer to the 7¥ mass, the fits are inconclusive as
to whether this is the case.

For ALP widths below 0.1 MeV, the results are largely the same as for the 10 eV

case and I will forgo presenting those results. When we allow the ALP width to become

larger we begin to see some changes in the results. These changes are in part due to
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ALP mass (GeV) | Double Gaussian | Single Gaussian
0.1250 0.00066 49.93424
0.1260 0.00071 31.85417
0.1270 0.00072 16.71390
0.1280 0.00065 7.82184
0.1290 0.00047 3.20921
0.1300 0.00027 1.22651
0.1310 0.00012 0.33841
0.1320 0.00004 0.06562
0.1330 0.00001 0.00828
0.1340 0.00142 0.00142
0.1350 0.00133 0.00133
0.1360 0.00000 0.00142
0.1370 0.00001 0.00814
0.1380 0.00004 0.06349
0.1390 0.00012 0.32745
0.1400 0.00027 1.20300
0.1410 0.00046 3.55439
0.1420 0.00063 8.20763
0.1430 0.00070 18.53778
0.1440 0.00071 37.96234
0.1450 0.00070 71.13882

Table 33: Results of fitting to generated data for an ALP width of 10 eV. The table
shows the reduced x? values for the Double and Single Gaussian fits.
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ALP mass (GeV) | Double Gaussian | Single Gaussian
0.1250 0.46172 29.63386
0.1260 0.38161 19.78123
0.1270 0.44226 11.27217
0.1280 0.50083 6.01653
0.1290 0.55058 3.13126
0.1300 0.45941 1.74267
0.1310 0.48776 1.26604
0.1320 0.52953 1.18116
0.1330 0.32289 1.08032
0.1340 0.09573 1.10454
0.1350 0.04511 1.07320
0.1360 0.01048 1.00571
0.1370 0.03274 0.90346
0.1380 0.25851 1.37520
0.1390 0.81560 1.53908
0.1400 0.68126 2.15146
0.1410 0.43214 3.76306
0.1420 0.92060 7.17909
0.1430 0.80846 13.32697
0.1440 0.68812 23.93668
0.1450 0.55314 40.83630

Table 34: Results of fitting to generated data for an ALP width of 1 MeV. The table
shows the reduced x? values for the Double and Single Gaussian fits.

the width of the ALP now becoming comparable to the width of the convolution. This
widening of the signal results in the delta function behavior of the width being lost.
More of the Breit-Wigner lineshape is bleeding through the smearing and the Gaussian
shape that dominated previous models is no longer the only surviving characteristic
of the distribution. This results in poorer fits in the double Gaussian scenario. These

results are shown in Table

7.2 ALP in DUNE near detector

The Deep Underground Neutrino Experiment (DUNE) Near Detector [185] presents
an opportunity to possibly detect these ALPs [I86] [I87]. DUNE utilizes a 120 GeV
proton beam fired at a stationary target, yielding proton-proton collisions. The subse-
quent production of particles yields some number of 7% (about 2.89 per proton-proton

interaction) that will immediately decay into ALPs via mixing. The assumption from
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this point is that the ALPs will decay into 2+ inside the near detector located 574m
from the interaction point. The near detector is comprised of a Liquid Argon Time
Projection Chamber (LArTPC) immediately followed by a Multi-Purpose Detector
(MPD). Some number of axions produced via mixing will then decay within the detec-
tors yielding photons that can be detected. The detectors will measure the invariant
mass of the diphoton and the opening angle of the pair. For the purposes of our sim-
ulation, we include all ALPs that decay inside either detector for an effective detector
length of 10m.

Using PYTHIA we can simulate what the distributions will be of the energy of
the axion and the opening angle of the photon pair. To determine the ALP production
due to meson mixing, we simulate a 120 GeV proton beam colliding with a fixed target
using PYTHIAS [188] with the “SoftQCD:all=on” option. We simulate 10° protons-on-
target and extract all of the 7° from the decay products. Since the pions are produced
isotropically at the interaction point, we select only those that have a momentum that
intersects with the detector, this is about 1% of all pions produced. After mixing,
the ALP will have the same 3-momentum as the pion but the energy is scaled to an
ALP mass of 200 MeV. The ALP is now directed at the detector and we select various
values for the decay width to obtain a — v events within the detector. Since we are
interested in the invariant mass of the diphoton and the opening angle we make a plot
of each. The probability of any of these particles decaying within the detector is given
by

_ Ldet _ Lyett+d
Pdet = e cTaYaBa — € cTavaBa y (216)

where L is the distance from the interaction point to the detector, d is the length of
the detector, and 7,7, S are the lifetime, boost, and velocity of the ALP, respectively.

For a value of ¢7 = Im < dget, we obtain distributions as shown in Fig. [15]
For a value of ¢ = 10000m >> dge, we obtain distributions as shown if Fig. [16] As

is evident in the distributions, there is significant dependence on the width/lifetime of
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Opening Angle Distribution for ALP mass of 0.200 GeV

Energy distribution for ALP mass of 0.200 GeV
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Figure 15: Diphoton energy and opening angle distributions (¢7 = 1 m) at the Dune
Near Detector facility for an ALP mass of 200 MeV.
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Figure 16: Diphoton energy and opening angle distributions (¢r = 10000 m) at the
Dune Near Detector facility for an ALP mass of 200 MeV.

the ALP. We are in the process of determining this dependence.

7.3 Conclusions

We have constructed a signal and soft constraints on the ALP mass and width that
will inform particle search experiments on the unique signal characteristics that can
be used to identify an ALP. We have also produced the distributions of energy and
opening angle of the diphoton decay of an ALP in the Dune Near Detector. A similar
construction of the energy and opening angle can be used to construct the distributions
that will be produced at the ForwArd Search ExpeRiment (FASER) experiment [I89)

proposed at the LHC.
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8 Summary

In this work I have proposed several solutions to various anomalies within the Standard
Model. The B — wK puzzle has been solved in two different ways, using a diquark
and an ALP. The b — sup anomaly has also been lifted with the introduction of
a leptoquark. The diquark proposed along with the leptoquark have been show to
generate neutrino masses as well. The ALP has also been shown to lift the (g — 2),,.
anomalies as well.

I have also looked a the D meson regime and explicitly determined the connec-
tion between the SU(3) matrix elements and diagrammatic approaches. The introduc-
tion of R-parity violating SUSY particles has also explained the recent discrepancies
in CP asymmetries in that system.

I have begun to apply the characteristics of the ALP to detector simulations
to clearly identify the measureable signals that various experiments may be able to

utilize in searches for these particles.
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Appendix

g = P
O° = (@) =—yTCT!
()" = —Cy*C
ct = ¢t (217)

H = YJd, Prd;sS°*
H' = Y7dl,Pp(—d},C7")15"

= Y[ P (1°Cd,) S

(218)
Integrating out diquark
Hepp = —YP3d PrbsS™ @ Y 2 s\ Pp(—dlC )5
Y13Y12>¢<
= d P36585PL( OCdZ)
mg
Y13Y12*
= —da/yMPL( Ood )Sﬂ'y PRbﬁ
2mS 15
Y13Y12*
= 5580V Prbs [~diCT I PL(Y O]
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S
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- 9 357MPRdea7 Prd, (219)
mg

Because S is symmetric/antisymmetric there is an additional factor of 2. In other

words S'? can contract with S and S?!.
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