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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 η and η′ are

considered in a general and consistent way for the first time. In B decays,

a fit to the data for four B → πK decays is performed, within the SM and

with NP. The fit confirms that the SM gives a poor fit to the B → πK

data which is known as the B → πK ”puzzle”. A solution to the B → πK

”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 → πK ”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:

• CP asymmetry in the Charm decay sector

• CP asymmetry in the Bottom decay sector

• Origin of neutrino masses

• 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 CP asymmetry, also in the D system. Section 5 transitions to the B

1



system and introduces diquarks and leptoquarks. Section 6 discusses the introduction

of an axion-like particle (ALP) to resolve the B → πK puzzle. Section 7 is an attempt

to created detector signals of the ALP that could potentially be measured at various

experiments.
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2 The Standard Model

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 (µ), and tau (τ)

particles, each carrying an electric charge of q = −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 q = +2/3 e and the down-type

quarks carry a charge of q = −1/3 e. The three flavors for the up-type class are
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the up (u), charm (c), and top (t). 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).

4



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+(W-)

ℓ+(ℓ-)

ν(ν)
W+,W-,Z0

u,d,u(d)

d,u,u(d)

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, (CP symmetry), it was thought for

many years that this was a preserved symmetry. In a model that preserves this CP

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

5



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, CP asymmetries have become more pro-

nounced. While there are mechanisms within the SM that allow CP asymmetry, the

degree of the violation of this symmetry is as yet unexplained.
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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)F 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, 3, 4, 5] and D-

decays [6, 7, 8, 4, 5]. In the limit of exact SU(3)F symmetry, all decays of a triplet of

D-mesons, D0, D+, and D+
s , 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)F matrix-elements approach.”

Alternatively, a topological flavor-flow approach can be used. Developed in the

study of B-decays [9, 10, 11, 4, 5], it has been applied to the charm sector [12, 13, 4, 5].

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

7



decay amplitudes.1 SU(3)F 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)F 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)F

symmetry [9, 14], as well as when first-order SU(3)F -breaking corrections are taken

into account [15]. 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, λ = sin θ ≃ 0.2 [16], where θ is the Cabibbo angle. Such am-

plitudes may contain zero, one, or two powers of λ. Weak-hadronic decays of charm

are, therefore, categorized into Cabibbo-favored (CF) decays (A ∝ V ∗
csVud ∼ O(1)),

singly-Cabibbo-suppressed (SCS) decays (A ∝ V ∗
cqVuq ∼ O(λ) where q = d, s), and

doubly-Cabibbo-suppressed (DCS) decays (A ∝ V ∗
cdVus ∼ O(λ2)). Since such classi-

fication is external to QCD, both the flavor SU(3)F 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, 19, 20, 21]. This is so because the quark-level transitions for

CF (c → sud̄) and DCS (c → dus̄) modes involve four distinct quark flavors that be-

1We 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.
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long to the first two generations and therefore do not generate CP-asymmetries in the

Standard Model at leading order in λ. To execute this program one needs to control

SU(3)F -breaking corrections in both approaches [7, 8, 15, 22, 23].

Here we take a different look at the equivalency of the flavor SU(3)F and the

topological flavor-flow approaches. Since the Wolfenstein parameter λ is external to

any QCD-based parametrization of decay amplitudes, one can, theoretically, dial any

value for it. In particular, setting λ = 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)F limit, we

would be left with three irreducible SU(3)F 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 3.1 we review both the flavor

SU(3)F and topological flavor-flow approaches to CF charm decays. We extend the

discussion by including CF decays with the real η and η′ states and present associated

fits. In Section 3.2, we discuss the connections between those two approaches. We

conclude in Section 3.3.

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

SU(3)F symmetry plays a prominent role in both the SU(3)F 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)F group. In

particular, the initial state D-mesons, |D0⟩ , |D+⟩ , |D+
s ⟩, form a triplet of SU(3)F ,

while the nine pseudoscalar mesons (π±, π0, K±, K0, K
0
, η, η′) 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 η and η′ states that are constructed from

9



the SU(3) octet η8 and the singlet η1 states using octet-singlet mixing,

η = − cos θ η8 − sin θ η1,

η′ = − sin θ η8 + cos θ η1, (1)

where the octet η8 and the singlet η1 states are defined as

η8 = (uū+ dd̄− 2 ss̄)/
√
6,

η1 = (uū+ dd̄+ ss̄)/
√
3, (2)

and θ is the η−η′ 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/ψ [25] into η and η′ final states. Thus, we do not consider it a

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

3.1.1 SU(3)F matrix-elements approach

The SU(3)F 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)F .

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

HCF =
GF√
2
VudV

∗
cs(ūd)(s̄c) + h.c. (3)

We begin by considering the Wigner-Eckart decompositions of the CF D → PP am-

plitudes using SU(3)F 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)F symmetry, the light quarks u, d, and s (and the respective antiquarks)

10



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

|u⟩ =

∣∣∣∣3, 13 , 12 , 12
〉
, |d⟩ =

∣∣∣∣3, 13 , 12 ,−1

2

〉
, |s⟩ =

∣∣∣∣3,−2

3
, 0, 0

〉
, (4)

|u⟩ = −
∣∣∣∣3,−1

3
,
1

2
,−1

2

〉
,

∣∣d〉 =

∣∣∣∣3, 13 , 12 , 12
〉
, |s⟩ =

∣∣∣∣3, 23 , 0, 0
〉
. (5)

The charm quark (and anti-quark) is heavy and transforms as an SU(3)F singlet

represented by |1, 0, 0, 0⟩. Using this notation one can show that the CF Hamiltonian

in Eq. (3) contains the irreps 15 and 6 [6, 8, 7] and can be represented by,

HCF = − GF√
2
VudV

∗
cs

(
AO(15)

2
3
,1,−1

+ CO(6)
2
3
,1,−1

)
+ h.c. , (6)

where we have used the notation O
(r)
Y,I,I3

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)F . Since the octet-octet final states must respect Bose symmetry, we

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

[(8+ 1)× (8+ 1)]PP = (8× 8)sym + (8× 1) + 1 ,

= 27 + 88×8 + 88×1 + 18×8 + 1 . (7)

Note that there are two octets in Eq. (7): 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× 3 and

6 × 3 needed to construct the states |H|D⟩. Furthermore, 15 × 3 contains both a

27 and an 8, while 6 × 3 contains only an 8. Therefore, it appears that D → PP

amplitudes can be represented using the following three independent reduced matrix

11



elements.

A27 =
〈
27|O15|3

〉
, A8 =

〈
8|O15|3

〉
, C8 =

〈
8|O6|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. (7), in general this would imply two additional

reduced matrix elements for the O15 and O6 operators, A
(1)
8 and C

(1)
8 respectively.

In Section 3.2 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)F -singlet final state.

Assuming them to be the same, A
(1)
8 = A8 and C

(1)
8 = C8, which can be

motivated by a nonet symmetry, the final states containing physical η and η′ contain

an admixture of singlet and octet SU(3)F amplitudes. The decay amplitudes into

those final states can be written as shown in Table 1. Assuming, for simplicity,

Decay Representation

D0 → K
0
η 1

10
√
3

[
(3A27 − 2A8 +

√
10C8) cos θ + 2(

√
10A8 − 5C8) sin θ

]
D0 → K

0
η′ 1

10
√
3

[
(3A27 − 2A8 +

√
10C8) sin θ − 2(

√
10A8 − 5C8) cos θ

]
D+

s → π+η 1
5
√
3

[
(3A27 − 2A8 −

√
10C8) cos θ − (

√
10A8 + 5C8) sin θ

]
D+

s → π+η′ 1
5
√
3

[
(3A27 − 2A8 −

√
10C8) sin θ + (

√
10A8 + 5C8) cos θ

]
Table 1: η − η′ decay-amplitude representations with A

(1)
8 = A8 and C

(1)
8 = C8 in the

SU(3)F matrix-elements approach.

θ = arcsin(1/3), all CF decay amplitudes can be written in terms of only three complex

parameters of Eq. (8). 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 3. The absolute value of each decay amplitude can be determined from the

12



Decay SU(3)F Amplitude

D0 → K−π+ GF√
2
VudV

∗
cs

1
5

(√
2A27 +

√
2A8 −

√
5C8

)
D0 → K

0
π0 GF√

2
VudV

∗
cs

1
10

(
3A27 − 2A8 +

√
10C8

)
D0 → K

0
η GF√

2
VudV

∗
cs

1
15

√
3

(
3
√
2A27 +

√
2(
√
5− 2)A8 −

√
5(
√
5− 2)C8

)
D0 → K

0
η′ GF√

2
VudV

∗
cs

1
30

√
3

(
3A27 − 2(1 + 4

√
5)A8 +

√
10(1 + 4

√
5)C8

)
D+ → K

0
π+ GF√

2
VudV

∗
cs

1√
2
A27

D+
s → K

0
K+ GF√

2
VudV

∗
cs

1
5

(√
2A27 +

√
2A8 +

√
5C8

)
D+

s → π+η GF√
2
VudV

∗
cs

1
15

√
3

(
6
√
2A27 −

√
2(4 +

√
5)A8 −

√
5(4 +

√
5)C8

)
D+

s → π+η′ GF√
2
VudV

∗
cs

1
15

√
3

(
3A27 + 2(2

√
5− 1)A8 +

√
10(2

√
5− 1)C8

)
Table 2: SU(3)F matrix-elements representation of Cabibbo-Favored Decays in the
Standard Model. Note that the η − η′ angle θ = arcsin(1/3).

measured branching ratios using,

|AD→PP | =

√
8πℏm2

D BD→PP

τD p∗
, (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 (%)
D0 K−π+ 3.950± 0.031

K
0
π0 2.480± 0.044

K
0
η 1.018± 0.012

K
0
η′ 1.898± 0.064

D+ K
0
π+ 3.124± 0.062

D+
s K

0
K+ 2.95± 0.14

π+η 1.70± 0.09
π+η′ 3.94± 0.25

Table 3: Experimental branching ratios for CF D decays taken from [26].

ing ratios that depend on five real parameters (three magnitudes and two relative

phases of three reduced matrix elements), a χ2-minimization fit can be employed to

determine the parameters. Such a fit has three degrees of freedom. We perform a fit

by constraining the A27 amplitude to be purely real and find,
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χ2
min/dof = 7477/3,

A27 = (0.279± 0.002) GeV3,

A8 = (0.840± 0.008) e(59±1)◦i GeV3,

C8 = (0.17± 0.02) e(−58±2)◦iGeV3. (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)F 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 η and η′ 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)F symmetry, as discussed in Ref. [27]. Based on the Hamiltonian

in Eq. (3), 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 (T ), color-suppressed tree (C), exchange (E), 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 η or η′ meson in the final

state have explicit dependence on the η− η′ mixing angle. The topological flavor-flow

representation for these decays are given in Table 4.

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

14
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u
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d
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dk

(a) Color-favored tree (T )

c dk

q q

d
k'

u

(b) Color-suppressed tree
(C)

c

u

q

q

dk'

d
k

(c) Exchange (E)

c

u

q

q

d
k'

d
k

(d) Annihilation (A)

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

Decay Representation

D0 → K
0
η GF√

2
VudV

∗
cs

(
cos θ√

6
(C − E) + sin θ√

3
(C + 2E)

)
D0 → K

0
η′ GF√

2
VudV

∗
cs

(
sin θ√

6
(C − E)− cos θ√

3
(C + 2E)

)
D+

s → π+η GF√
2
VudV

∗
cs

(
2 cos θ√

6
(T − A)− sin θ√

3
(T + 2A)

)
D+

s → π+η GF√
2
VudV

∗
cs

(
2 sin θ√

6
(T − A) + cos θ√

3
(T + 2A)

)
Table 4: Amplitudes for η − η′ 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 χ2-minimization fit can once again be

performed. We perform such a fit by constraining T to be purely real and find,
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Decay Diagrammatic Amplitude

D0 → K−π+ GF√
2
VudV

∗
cs (T + E)

D0 → K
0
π0 GF√

2
VudV

∗
cs

1√
2
(C − E)

D0 → K
0
η GF√

2
VudV

∗
cs

1√
3
C

D0 → K
0
η′ GF√

2
VudV

∗
cs

(
− 1√

6

)
(C + 3E)

D+ → K
0
π+ GF√

2
VudV

∗
cs (C + T )

D+
s → K

0
K+ GF√

2
VudV

∗
cs (C + A)

D+
s → π+η GF√

2
VudV

∗
cs

1√
3
(T − 2A)

D+
s → π+η′ GF√

2
VudV

∗
cs

2√
6
(T + A)

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

χ2
min/dof = 1.36/1 ,

T = (0.366± 0.003)GeV3 ,

C = (0.298± 0.002) ei(−151.0±0.4)◦ GeV3 ,

E = (0.201± 0.004) ei(119.3±0.8)◦ GeV3 ,

A = (0.04± 0.01) ei(63±9)◦ GeV3 . (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)F matrix-elements approach. We ob-

serve a significant decrease in the minimum value of χ2 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

SU(3)F

An obvious difference between the two approaches presented in the previous section is

that, even in the limit of exact SU(3)F 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)F 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 6, we have listed the SU(3)F matrix-elements and

flavor-flow representations side-by-side.

Decay Matrix Elements Diagrams
SU(3)F octet-octet final states

D0 → K−π+ 1
5

(√
2A27 +

√
2A8 −

√
5C8

)
T + E

D0 → K
0
π0 1

10

(
3A27 − 2A8 +

√
10C8

)
(C − E)/

√
2

D0 → K
0
η8 − 1

10
√
3

(
3A27 − 2A8 +

√
10C8

)
−(C − E)/

√
6

D+ → K
0
π+ 1√

2
A27 T + C

D+
s → K

0
K+ 1

5

(√
2A27 +

√
2A8 +

√
5C8

)
C + A

D+
s → π+η8

1
5
√
3

(
−3A27 + 2A8 +

√
10C8

)
−2(T − A)/

√
6

SU(3)F octet-singlet final states

D0 → K
0
η1 − 1√

15

(√
2A8 −

√
5C8

)
−(C + 2E)/

√
3

D+
s → π+η1

1√
15

(√
2A8 +

√
5C8

)
(T + 2A)/

√
3

Table 6: Amplitudes for CF D → PP processes using the SU(3)F matrix-elements
and flavor-flow representations. We have separated decays to final states involving
octets only and those also involving singlets. Overall factors containing GF and VCKM,
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

6, we see that there are six decay amplitudes that depend on three SU(3)F reduced ma-

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

A(D0 → K−π+) +
√
2A(D0 → K

0
π0) = A(D+ → K

0
π+), (12)

A(D0 → K
0
π0) +

√
3A(D0 → K

0
η8) = 0, (13)

√
2A(D+ → K

0
π+) +

√
3A(D+

s → π+η8) =
√
2A(D+

s → K
0
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)F 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)F reduced matrix elements

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


A27

A8

C8

 =


0

√
2 0

5
√
2

4
−
√
2 5

√
2

4

−
√
5
2

0
√
5
2



T + E

T + C

C + A

 . (15)

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)F 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 A8

C8

 =


√
10
4

√
10
4

−1
2

1
2


C + 2E

T + 2A

 . (16)

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

spondence exists.
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Although Eqs. (15) and (16) 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)F matrix-elements side this can be traced back

to the definitions: while the 27 appears only in the 8×8 final states, the 8 appears in

both 8× 8 and 8× 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.

A27 =
〈
27|O15|3

〉
, A8 =

〈
88×8|O15|3

〉
, C8 =

〈
88×8|O6|3

〉
, (17)

A
(1)
8 =

〈
88×1|O15|3

〉
, C

(1)
8 =

〈
88×1|O6|3

〉
. (18)

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)F octet-singlet final states

D0 → K
0
η1 − 1√

15

(√
2A

(1)
8 −

√
5C

(1)
8

)
−(C1 + 2E1)/

√
3

D+
s → π+η1

1√
15

(√
2A

(1)
8 +

√
5C

(1)
8

)
(T1 + 2A1)/

√
3

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

Let us, now, reconsider the χ2 minimization fits presented in Section 3.1 in

light of the newly-defined amplitudes. The SU(3)F matrix-elements approach for the

fits involved three complex-valued amplitudes (A27, A8, and C8), rather than the five

defined here (A27, A8, C8, A
(1)
8 , and C

(1)
8 ). The implicit assumptions in the fit were,

A
(1)
8 = A8 , and C

(1)
8 = C8 . (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 (T,C,E, and A), as opposed

to eight (T,C,E,A, T1, C1, E1, and A1). The diagrammatic fits, therefore, assumed

X = X1 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)F 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)F 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)F matrix-elements

side assumptions, A
(1)
8 = A8 and C

(1)
8 = C8, lead to the following relationships on the

topological flavor-flow side,

[(T + C) + 5(E + A)]−
√
5 [(T1 + C1) + 2(E1 + A1)] = 0 , (20)

√
5 [(T − C) + (E − A)] + [(T1 − C1)− 2(E1 − A1)] = 0 . (21)

Similarly, the flavor-flow side assumptions that X = X1 where X = T,C,E, 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 Eqs. (15) and (16) lead to the following

phenomenological relationship on the SU(3)F matrix-elements side,

3A27 + 8A8 − 4
√
5A

(1)
8 = 0 . (22)

A fit performed with A27, C8, A
(1)
8 , and C

(1)
8 as the available matrix elements, but with

A8 constrained through the relationship in Eq. (22), yields identical results as the

diagrammatic fit assuming an equivalence between octet-octet and octet-singlet final

states. We find,

χ2
min/dof = 1.36/1 ,

A27 = (0.256± 0.003)GeV3 ,

C8 = (0.357± 0.010) ei(44±1)◦ GeV3 ,

A
(1)
8 = (0.71± 0.02) ei(−67±1)◦ GeV3 ,

C
(1)
8 = (0.348± 0.005) ei(−143±2)◦ GeV3 . (23)

Note that neither Eqs. (20) and (21), nor Eq. (22) 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. (22).

For the sake of completeness, we performed additional seven-parameter χ2-

minimization fits to the data, each time changing the input relationship between the

SU(3)F matrix elements. The minimum values of χ2 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

χ2 is one where we imposed the relationship C
(1)
8 = C8. For this fit, we find,
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Input relationship χ2
min

A27 = 0 2660

arg(A
(1)
8 ) = arg(A8) and arg(C

(1)
8 ) = arg(C8) 175

arg(A
(1)
8 ) = arg(C

(1)
8 ) and arg(A8) = arg(C8) 162
A8 = 0 160
C8 = 0 88.2

A
(1)
8 = 0 9.31

A
(1)
8 = A8 8.32

C
(1)
8 = 0 7.80

|A(1)
8 | = |A8| and |C(1)

8 | = |C8| 3.05

3A27 + 8A8 − 4
√
5A

(1)
8 = 0 1.36

|A(1)
8 | = |C(1)

8 | and |A8| = |C8| 0.937

C
(1)
8 = C8 0.801

Table 8: Input relationships between SU(3)F matrix elements used to perform χ2

minimization fits, listed in descending order of minimum χ2 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.

χ2
min/dof = 0.801/1,

A27 = (0.253± 0.003)GeV3,

A8 = (1.021± 0.009) ei(96±1)◦ GeV3,

C8 = (0.089± 0.005) ei(−55±5)◦ GeV3,

A
(1)
8 = (0.79± 0.02) ei(−140±1)◦ GeV3. (24)

Diagrammatically, this input relationship is equivalent to Eq. (20) 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 Eqs. (15) and (16) are rather general. This allows us to make a com-

ment regarding hadronic final state interactions (FSI) in charm. In the SU(3)F 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)F 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)F 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 λ is external to

any QCD-based parametrization of decay amplitudes, the equivalency of the flavor

SU(3)F and the topological flavor-flow approaches must be separately realized for

the Cabibbo-favored decays of charmed mesons. Including decays to the physical η

and η′ 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, D0, D+, and D+
s , 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 × 2 block of the CKM matrix) are

either unsuppressed, or suppressed at most by one power of the Wolfenstein param-

eter (λ ∼ 0.2) [16]. Depending on the power of λ in the decay amplitude, weak

hadronic decays of charm are therefore categorized into Cabibbo favored (CF) decays,

proportional to the product V ∗
csVud ∼ O(1); singly-Cabibbo suppressed (SCS) decays,

proportional to V ∗
cqVuq ∼ O(λ) where q = d, s; and doubly-Cabibbo suppressed (DCS)

decays proportional to V ∗
cdVus ∼ O(λ2).

The CF, and DCS modes involve only distinct quark flavors, and as such receive

no SM penguin contributions 2. The SCS modes receive SM penguin contributions,

however, the associated direct CP violation appears to be CKM suppressed by O(λ4).

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 D0 → K+K− and D0 → π+π− decays using 5.9 fb−1 of data at 13 TeV [30].

A combination of measurements (new and old, as well as π− and µ−tagged D0 decay

data) leads to the result,

∆ACP = (−15.4± 2.9)× 10−4. (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 ∆ACP is several times larger than its prediction within SM theory

[29], it presents an opportunity for intrigue. An earlier LHCb measurement on ∆ACP

in these same channels [31] had pegged the central value of this observable at several

times the current measurement,

∆ACP = [−0.82± 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, 36, 37, 38], as well as models of

new physics [39, 40, 41, 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)F 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 D0, D+, D+
s mesons using four distinct flavor

topologies, “color-favored tree” (T ), “color-suppressed tree” (C), “exchange” (E), 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 c→ dkud
k′

within the Standard Model. The basic vertex

is shown in Fig. 4, with the vertex factor given by

d j

ui

W+

Figure 4: The basic SM vertex
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− ıg√
2
Vijγ

µ (1− γ5)

2
(27)

where Vij is the CKM matrix element. The amplitude of the c → dkud
k′

transitions is then given by

M = ı
g2

2m2
W

V ∗
ckVuk′ d

k

αγ
µcLα uβγµd

k′

Lβ (28)

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. 5

HSM
eff =

4GF√
2
V ∗
ckVuk′ d

k

αγ
µcLα uβγµd

k′

Lβ =
GF√
2
V ∗
ckVuk′

(
d
k

α cα

)
V−A

(
uβ d

k′

β

)
V−A

(29)

c dk

u

dk'

Figure 5: The Standard Model interaction

The diagrams T,C,E, and A are then obtained by taking the appropriate

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

D0 → K−π+ we have

〈
K−π+|HSM

eff |D0
〉
=
GF√
2
V ∗
ckVuk′

〈
sū ud̄|

(
d
k

α cα

)
V−A

(
uβ d

k′

β

)
V−A

|cū
〉

(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

u

q q

d
k'

dk

c dk

q q

d
k'

u

c

u

q

q

dk'

d
k

c

u

q

q

d
k'

d
k

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

Meson Decay Representation Branching Ratio (%)

D0 K−π+ GF√
2
V ∗
csVud(T + E) 3.950± 0.031

K
0
π0 GF√

2
V ∗
csVud

1√
2
(C − E) 2.48± 0.044

K
0
η −GF√

2
V ∗
csVud

1√
3
C 1.018± 0.012

K
0
η′ GF√

2
V ∗
csVud

1√
6
(C + 3E) 1.898± 0.064

D+ K
0
π+ GF√

2
V ∗
csVud(C + T ) 3.124± 0.062

D+
s K

0
K+ GF√

2
V ∗
csVud(C + A) 2.95± 0.14

π+η GF√
2
V ∗
csVud

1√
3
(T − 2A) 1.70± 0.09

π+η′ GF√
2
V ∗
csVud

2√
6
(T + A) 3.94± 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
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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,

B(D → PP ) =
|p⃗P |

8πm2
DΓD

|A|2 , (31)

where p⃗P represents the three momentum of the daughter pseudoscalars in the D-

meson rest frame, while mD and ΓD 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

10.

Diagram Magnitude ((GeV)3) 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 63± 9

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 χ2-minimization fit to the Table 9 data. The minimum
χ2 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 χ2/d.o.f = 1.37/1, which indicates a

very good fit. The results of this fit are given in Table 10. 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 11, and we see that the poorness of the fit arises mainly from the SCS

decays that involve an exchange diagram (E).

Meson Decay SM Diagrams
Exp. BR
(×10−3)

Pred. BR
(×10−3)

χ2

D0 π+π− GF√
2
V ∗
cdVud(T + E) 1.455± 0.024 2.254 1108

π0π0 GF√
2
V ∗
cdVud

1√
2
(C − E) 0.826± 0.025 1.409 544

K+K− GF√
2
V ∗
csVus(T + E) 4.08± 0.06 1.93 1284

K
0
K0 GF√

2
(V ∗

cdVud + V ∗
csVus)E 0.282± 0.010 0 795

D+ π+π0 −GF√
2
V ∗
cdVud

1√
2
(T + C) 1.247± 0.033 0.893 115

K+K
0 GF√

2
(V ∗

csVusT + V ∗
cdVudA) 6.08± 0.18 5.815 2.2

D+
s π+K0 GF√

2
(V ∗

cdVudT + V ∗
csVusA) 2.44± 0.12 2.94 17

π0K+ GF√
2

1√
2
(−V ∗

cdVudC + V ∗
csV usA) 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 λ = tan θCabbibo = .2307.
The predicted Branching Ratios are obtained using the parameters found in Table 10.

Upon inspection of the D0 SCS decays it is immediately obvious that there is

some SU(3) breaking since the D0 → K
0
K0 decay has a measured non-zero amplitude.

The diagrammatic amplitude is zero because of cancelation between c→ d and c→ 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 Ed and

Es, 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 D0 → K̄0K0 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 D0 meson. We make the definition

E =
Ed + Es

2
(32)

for the CF decays and distinguish Ed and Es in the SCS decays. This gives us the

decay amplitudes listed in Table 12.

Meson Decay SM Diagrams

D0 π+π− GF√
2
V ∗
cdVud(T + Ed)

π0π0 GF√
2
V ∗
cdVud

1√
2
(C − Ed)

K+K− GF√
2
V ∗
csVus(T − Es)

K
0
K0 GF√

2
(V ∗

csVusE
s + V ∗

cdVudE
d)

Table 12: The Singly Cabibbo Suppressed Decays involving only D0 for a fit assuming
SU(3) Flavor symmetry breaking in the exchange diagram. Ed indicates c → d and
Es indicates c→ s.

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

χ2/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)3):

T = 0.354± 0.003 (33)

C = (0.286± 0.003)eı(−151.5±0.4)◦ (34)

A = (0.03± 0.01)eı(61±7)◦ (35)

Ed = (0.180± 0.006)eı(139.0±0.8)◦ (36)

Es = (0.2007± 0.005)eı(103.6±0.5)◦ (37)

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

of a penguin amplitude, P , for c→ u transitions [13]. 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 D0 decays. We also account for any SU(3) breaking

in the SCS T amplitude by considering the following expressions

TD0→π+π− = TD+→π+π0 = TD+
s →π+K0 = Tπ , (38)

TD0→K+K− = T
D+→K+K

0 = 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:

Tπ = T ·
∣∣∣∣ f+(D0→π−)(m

2
π)

f+(D0→K−)(m2
π)

∣∣∣∣ · m2
D −m2

π

m2
D −m2

K

(40)

TK = T ·
∣∣∣∣f+(D0→K−)(m

2
K)

f+(D0→K−)(m2
π)

∣∣∣∣ · fKfπ (41)

Where we have neglected the contribution from f−(q
2) at q = mπ,K . We are

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

A
D+→K+K

0 = A · fD
+

fD+
s

= AD+ (42)

AD+
s →π+K0 ≃ AD+

s →K+π0 = A (43)

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

fπ = 0.13041; fK = 0.1544; fD+ = 0.2074; fD+
s
= 0.2472; (44)

mD0 = 1.8648; mπ = 0.13957018; mK = 0.493677. (45)

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

decays:

|f+(D0→π−)(m
2
π)| ≃ 0.616, |f+(D0→K−)(m

2
π)| ≃ 0.768, (46)

|f+(D0→K−)(m
2
K)| ≃ 0.810 (47)
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With these definitions we now have that the SCS decays are parameterized in

Table 13.

Decay Mode Amplitude Representation
Meas. Amp.
(×10−7 GeV)

Pred. Amp.
(×10−7 GeV)

χ2

D0 → π+π− GF√
2

[
V ∗
cdVud(Tπ + E) + (P + PA)

]
4.71± 0.04 4.72 .08

D0 → K+K− GF√
2
[V ∗

csVus(TK + E) + (P + PA)] 8.51± 0.06 8.43 1.5

D0 → π0π0 GF√
2

1√
2

[
V ∗
cdVud(E − C)− (P + PA)

]
3.54± 0.05 3.38 8.7

D+ → π+π0 −GF√
2

V ∗
cdVud√

2
(Tπ + C) 2.74± 0.04 1.99 396

D0 → K0K
0 GF√

2

[
(V ∗

cdVud + V ∗
csVus)E − (P + PA) + P

]
2.24± 0.04 2.26 .21

D+ → K+K
0 GF√

2

[
(V ∗

csVusTK + V ∗
cdVudAD+ ) + P

]
6.53± 0.05 6.70 10.6

D+ → π+K0 GF√
2

[
(V ∗

cdVudTπ + V ∗
csVusA) + P

]
5.8± 0.1 6.98 64

D+
s → π0K+ GF√

2
1√
2

[
(−V ∗

cdVudC + V ∗
csVusA)− 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 χ2-minimaztion fit on just the first three amplitudes to obtain a value

for P + PA, which leads to

P + PA = (2.8± 0.1)eı(105.1±0.7)◦ × 10−7 GeV; χ2/dof = 9.7/1 (48)

Using this result and the final four amplitudes in Table 13, we obtain a value

for P by itself

P = (1.60± 0.05)eı(155±1)◦ × 10−7 GeV; χ2/dof = 81.3/2 (49)

which leads to

PA = (2.15± 0.11)eı(70±3)◦ × 10−7 GeV (50)

We see that this fit is not very good. The main sources of discrepency are the

D+ → π+π0 and D+
s → π+K0 amplitudes.

One other thing that can be done with the CF and SCS decays within the SM

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

η = −η8 cos θη − η1 sin θη, η′ = −η8 sin θη + η1 cos θη, where (51)
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η8 ≡ (uu+ dd− 2ss)/
√
6, η1 ≡ (uu+ dd+ ss)/

√
3 (52)

This leads to expressions for the CF decays involving η and η′ which are given

in Table 14

Decay Representation

D0 → K
0
η GF√

2
V ∗
csVud

[
C
(
− 1√

6
cos θn − 1√

3
sin θn

)
+ E

(
1√
6
cos θn − 2√

3
sin θn

)]
D0 → K

0
η′ GF√

2
V ∗
csVud

[
C
(

1√
3
cos θn − 1√

6
sin θn

)
+ E

(
2√
3
cos θn +

1√
6
sin θn

)]
D+

s → π+η GF√
2
V ∗
csVud

[
T
(

2√
6
cos θn − 1√

3
sin θn

)
+ A

(
− 2√

6
cos θn − 2√

3
sin θn

)]
D+

s → π+η′ GF√
2
V ∗
csVud

[
T
(

1√
3
cos θn +

2√
6
sin θn

)
+ A

(
2√
3
cos θn − 2√

6
sin θn

)]
Table 14: Ampitude representation for the CF decays involving η and η′

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

degrees of freedom, but we obtain a χ2 ≈ 10−5. The results of this fit are given here

in units of (GeV)3.

T = 0.360± 0.006 (53)

C = (0.30± 0.01)eı(−151.5±0.5)◦ (54)

E = (0.18± 0.01)eı(121±2)◦ (55)

A = (0.05± 0.01)eı(32±20)◦ (56)

θ = (15± 3)◦ (57)

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

a free parameter. The value of θη 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)2S+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)×SU(2)×

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

W = WR + W̸R , (59)

where WR is the R-parity conserving piece, and W̸R breaks R-parity. They are given

by

WR = hijLiH2E
c
j + h′ijQiH2D

c
j + h′′ijQiH1U

c
j , (60)

W̸R =
1

2
λ[ij]kLiLjE

c
k + λ′ijkLiQjD

c
k +

1

2
λ′′i[jk]U

c
iD

c
jD

c
k + µiLiH2 . (61)

Here Li(Qi) and Ei(Ui, Di) are the left-handed lepton (quark) doublet and lepton

(quark) singlet chiral superfields, where i, j, k are generation indices and c denotes

a charge conjugate field. H1,2 are the chiral superfields representing the two Higgs

doublets.

The λ and λ′ couplings in [Eq. (61)], violate lepton number conservation, while
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the λ′′ couplings violate baryon number conservation. There are 27 λ′-type couplings

and 9 each of the λ and λ′′ couplings as λ[ij]k is antisymmetric in the first two indices

and λ′′i[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 λ 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]

Lλ′ = −λ′ijk
[
ν̃iLd̄

k
Rd

j
L + d̃jLd̄

k
Rν

i
L + (d̃kR)

∗(ν̄iL)
cdjL

−ẽiLd̄kRu
j
L − ũjLd̄

k
Re

i
L − (d̃kR)

∗(ēiL)
cujL

]
+ h.c. (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, ujL, with

the mass mixing term,
(
V †
CKM ûL

)j

. The sleptons can be taken to be in the mass

basis as well [61].

Lint = λ′ijk

[
ν̃iL d

k

Rα d
j
Lα − ẽiL d

k

Rβ u
j
Lβ

]
+ h.c. (63)

These interactions are depicted in Fig.7.

Working with just the first term we construct the amplitude
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Figure 7: The basic quark-quark vertices in R-Parity Violation SUSY.

M = λ′ijk

[
ν̃iL d

k

Rα d
j
Lα

]{
λ′ij′k′

[
ν̃iL d

k′

Rβ d
j′

Lβ

]}†
= λ′ijkλ

′∗
ij′k′

[
ν̃iL d

k

Rα d
j
Lα d

j′†
Lβ d̄

k′†
Rβ ν̃

i†
L

]
(64)

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

M = JjkJj′k′∆F with ∆F =
1

k2 −m2
ν̃i
+ ıϵ

(65)

Evaluating M we have

M = λ′ijkλ
′∗
ij′k′

[
d
k

Rα d
j
Lα

] [
d̄j

′

Lβγ
0 γ0dk

′

Rβ

] 1

k2 −m2
ν̃i
+ ıϵ

(66)

Integrating out the sparticle, we have that

M = −
λ′ijkλ

′∗
ij′k′

m2
ν̃iL

(
d
k

Rα d
j
Lα

)(
d
j′

Lβ d
k′

Rβ

)
(67)

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

1

2

(
d
k

Rα(1− γ5)djα

) 1

2

(
d
j′

Lβ(1 + γ5)dk
′

β

)
=

1

2

(
d
k

Rαγ
µ1 + γ5

2
dk

′

β

)(
d
j′

Lγµ
1− γ5

2
djα

)

=
1

2

(
d
k

Rαγ
µdk

′

Rβ

)(
d
j′

Lβγµd
j
Lα

)
(68)
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An exact working of this with the other term in the interaction Lagrangian

yields the full four-fermion operators:

M = −
λ′ijkλ

′∗
ij′k′

2m2
ν̃iL

d
k

Rα γ
µ dk

′

Rβ d
j′

Lβ γµ d
j
Lα−

λ′ijkλ
′∗
ij′k′

2m2
l̃iL

d
k

Rα γ
µ dk

′

Rβ

(
û
m

LβVmj′

)
γµ

(
V ∗
jn û

n
Lα

)
(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. 8. These correspond to the second term

in the amplitude given in Eq. 69. The first term also arises in K meson decays and

K0 − K̄0 mixing.

c u

l
˜i

dk

dk'

W+

c u

d j' d j

ν ĩ
dk

dk'

Figure 8: The effective transitions c → udkd
k′

. 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 c→ udk
′
d̄k:

HNP
eff = −

[
λ′i2kλ

′∗
i1k′

2m2
l̃iL

VudV
∗
cs +

λ′i1kλ
′∗
i1k′

2m2
l̃iL

VudV
∗
us +

λ′i2kλ
′∗
i2k′

2m2
l̃iL

VcdV
∗
cs +

λ′i1kλ
′∗
i2k′

2m2
l̃iL

VusV
∗
cd

]

× d
k

Rα γ
µ dk

′

Rβ ûLβ γµ ĉLα (70)
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HNP
eff = −λ

′
i2kλ

′∗
i1k′

8m2
l̃iL

VudV
∗
cs

(
d
k

αd
k′

β

)
V+A

(
uβ cα

)
V−A

(71)

4.3 New Physics Diagrams

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

are given by

A =
〈
M1M2|HSM

eff +HSM,F
eff +HNP

eff +HNP,F
eff |M0

〉
Where M0 is the parent meson, and M1,2 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

HNP
eff = −λ

′
i2kλ

′∗
i1k′

8m2
l̃i

C (d
k

α d
k′

β )V+A (uβ cα)V−A (72)

Looking at the decay D0 → K−π+ we have

A = −λ
′
i2kλ

′∗
i1k′

8m2
l̃i

C
〈
K−π+|HNP

eff |D0
〉

4.3.1 As Diagram

A = −λ
′
i2kλ

′∗
i1k′

8m2
l̃i

[〈
su ud|(dkα dk

′

β )V+A (uβ cα)V−A|cu
〉]

(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-

ization.

A = −λ
′
i2kλ

′∗
i1k′

8m2
l̃i

〈
su ud| 1

Nc

(d
k

α d
k′

α )V+A (uβ cβ)V−A|cu
〉

(74)
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The V +A term in the operator contracts with the K−π+ and the V −A term

contracts with the D0 and the resulting diagram is what we will call As.

4.3.2 Cs Diagram

We can also Fierz the NP Hamiltonian and we obtain

HNP,F
eff =

λ′i2kλ
′∗
i1k′

4m2
l̃i

(
d
k

α cα

)
S−P

(
uβ d

k′

β

)
S+P

(75)

The amplitude obtained with this operator is

AF =
〈
K−π+|HNP,F

eff |D0
〉

=
λ′i2kλ

′∗
i1k′

4m2
l̃i

〈
su ud|(dkα cα)S−P (uβ d

k′

β )S+P |cu
〉

(76)

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

AF =
λ′i2kλ

′∗
i1k′

4m2
l̃i

〈
su ud|

(
d
k

α cα

)
S−P

(
uβ d

k′

β

)
S+P

|cu
〉

(77)

This amplitude is factorized by contracting the S − P term with the K− and D0

mesons and the S + P term with the π+. This gives us the Cs diagram. Notice that

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

4.3.3 Ts Diagram

We can also obtain the Ts and Es diagrams in a similar fashion. Consider the D+
s →

K
0
K+ decay. This amplitude is given by

A = −λ
′
i2kλ

′∗
i1k′

8m2
l̃i

〈
sd us|(dkα dk

′

β )V+A (uβ cα)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 = −λ
′
i2kλ

′∗
i1k′

8m2
l̃i

〈
sd us| 1

Nc

(d
k

α d
k′

α )V+A (uβ cβ)V−A|cs
〉

(78)

And the amplitude is contracted by taking the V +A term with the K
0
and the V −A

term with the K+ and D+
s . This is the Ts diagram.

4.3.4 Es Diagram

A Fierz on the Hamiltonian gives

AF =
λ′i2kλ

′∗
i1k′

4m2
l̃i

〈
sd us|(dkα cα)S−P (uβ d

k′

β )S+P |cs
〉

(79)

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

AF =
λ′i2kλ

′∗
i1k′

4m2
l̃i

〈
sd us|(dkα cα)S−P (uβ d

k′

β )S+P |cs
〉

(80)

and contracting the S − P term with D+
s and the S + P term with the K

0
and K+

gives us the Es 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 =
λ′i2kλ

′∗
i1k′

8m2
l̃i

{
−TNP, 2CNP, 2ENP,−ANP

}
(81)

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 TNP, CNP, 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(10−1). An additional suppression arises from the product of the λ′’s.

4.4 Constraints from other processes

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

couplings that we will be interested in are

λ′i21λ
′∗
i11 λ′i21λ

′∗
i12 λ′i22λ

′∗
i11 λ′i22λ

′∗
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. 71, one can see that D0 − D̄0 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. 62 we see that

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

[63]

λ′ijkλ
′∗
i′j′k

2m2
d̃kR

(ν̄i
′
γµνi)V−A(d̄

j′γµd
j)V−A,

λ′ijkλ
′∗
i′jk′

2m2
d̃jL

(ν̄i
′
γµνi)V−A(d̄

kγµd
k′)V+A (83)

λ′ijkλ
′∗
i′j′k

2m2
d̃kR

(ēi
′
γµei)V−A(ū

j′γµu
j)V−A,

λ′ijkλ
′∗
i′jk′

2m2
ũj
L

(ēi
′
γµei)V−A(d̄

kγµd
k′)V+A (84)

To be relevant to our couplings in Eq. 82 we set i′ = i. 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 π0, η, η′, ϕ 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+ → π+π0: BR[π0 → invisible] < 4.4× 10−9 [70]. The limits on

the other decays are typically ∼ 10−4 [55] The other processes the operators gives rise
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to are the KL → π0νν̄ and K+ → π+νν̄ decays. The branching ratios for KS decays

are not considered as they are suppressed because of the KS short lifetime. The rare

kaon decays, KL → π0νν̄ andK+ → π+νν̄, are being probed by the KOTO experiment

at J-PARC and the NA62 experiment at CERN. Recent reports from KOTO [71, 72]

indicate that KL → π0νν̄ decays occur at a rate much larger than predicted by the

SM.

BR(KL → π0νν̄)KOTO = 2.1
+2.0(+4.1)
−1.1(−1.7) × 10−9 . (85)

This result is two orders of magnitude larger than the SM prediction, BR(KL →

π0νν̄)SM = (3.4 ± 0.6) × 10−11 [73]. On the other hand NA62 obtains a bound for

K+ → π+νν̄ [74],

BR(K+ → π+νν̄)NA62 < 2.44× 10−10. (86)

The E787 and E949 experiments at BNL have also measured BR(K+ → π+νν̄) [75, 76]

assuming the pion spectrum predicted by the SM. According to Ref. [76],

BR(K+ → π+νν̄) = (1.73+1.15
−1.05)× 10−10. (87)

To constrain the couplings of the operators in Eq. 83 involving the neutrinos we will

use the KL → π0νν̄ and K+ → π+νν̄ decays we use the ratio of the experimental

measurements [52] to the SM predictions [77]

RK→πνν̄ =
ΓRPV

ΓSM

=
∑

i=e,µ,τ

1

3

∣∣∣∣∣1 + ∆RPV
νi,ν̄i

X0(xt)VtsV ∗
td

∣∣∣∣∣
2

+
∑
i ̸=i′

1

3

∣∣∣∣∣ ∆RPV
νi,ν̄′i

X0(xt)VtsV ∗
td

∣∣∣∣∣
2

∆RPV
νi,ν̄′i

=
πs2W√
2GFα

∣∣∣∣∣−λ′i2kλi′1k2m2
d̃kR

∣∣∣∣∣
2

, X0(xt) =
x(x+ 2)

8(x− 1)
+

3x(x− 2)

8(x− 1)2
lnx (88)

where xt = m2
t/m

2
W . The second sum in the expression involves couplings with i ̸= i′

and we will neglect those and consider only the couplings in the first term. The SM
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predictions for the KL → π0νν̄ and K+ → π+νν̄ are given as [74]

B(KL → π0νν̄)SM = .34× 10−10 and B(K+ → π+νν̄) = .84× 10−10 (89)

This gives us bounds on the couplings and the results are in Table. 15. 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

D0 → ℓ+ℓ−, D0 → π0ℓ+ℓ− where ℓ = µ, e. The strongest constraint comes from

D0 → µ+µ− [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

ℓ+ℓ− 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 e+e− states can

be also be avoided by choosing non zero couplings for i = 2, 3 only. Moving on to the

second operator in Eq. 84 we will generate the decays KL,S → ℓ+ℓ−, KL,S → π0ℓ+ℓ−

. Again choosing KL → µ+µ− as a representative process we show the bounds on the

coupling in Table. 15. The leptonic decays are 2 body decays and for the D0 → eiēi′

the decay width [77] is given by

Γ(D0 → µµ̄) =
1

128π

∣∣∣∣∣λ′21kλ′∗22km2
d̃kR

∣∣∣∣∣
2

f 2
DmDm

2
µ

√
1−

4m2
µ

m2
D

(90)

where fD = 207 MeV, and fK = 156.1 MeV. A similar formula can be used for

KL → µ+µ−.

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

15. 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∣∣∣∣λ′
21kλ

′∗
22k

m2

d̃k
R

∣∣∣∣ (1 TeV)2 D0 → µµ̄ < 6.2× 10−9 [52] < 6.7× 10−2∣∣∣∣∣λ′
2j1λ

′∗
2j2

m2

ũ
j
R

∣∣∣∣∣ (1 TeV)2 KL → µµ̄ 6.84× 10−9 [52] < 5.4× 10−4∣∣∣∣λ′
i2kλ

′∗
i1k

m2

d̃k
R

∣∣∣∣ (1 TeV)2
K0

L → π0νν̄
K+ → π+νν̄

< 2.1× 10−9[52]
1.73× 10−10[74]

< 2.2× 10−3

1.4× 10−3∣∣∣∣∣λ′
ij2λ

′∗
ij1

m2

d̃
j
L

∣∣∣∣∣ (1 TeV)2
K0

L → π0νν̄
K+ → π+νν̄

< 2.1× 10−9[52]
1.73× 10−10[74]

< 2.2× 10−3

1.4× 10−3

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 K0 → ππ and K0 − K̄0 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 K0 and K̄0. These

will lead to constraints on the sums of interest. The relevant terms from the effective

Hamiltonian are

λ′i21λ
′∗
i11

2m2
ν̃iL

(d̄s)V−A(d̄d)V+A (K → ππ) (91)

and

λ′i21λ
′∗
i12

2m2
ν̃iL

(d̄s)V−A(d̄s)V+A (K0 − K̄0 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 K0 and

K̄0 comes from the mass difference ∆m = |K0
S − K0

L|. Since the mass difference is

very small, this will yield a very strong constraint on the coupling constant. The mass

difference is given by

∆mNP
K = 2Re(M12) = 2Re

〈
K̄0|λ

′
i21λ

′∗
i12

2m2
ν̃iL

(d̄s)V−A(d̄s)V+A|K0

〉
, (93)
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where M12 represents the mixing in the K0 and K̄0 system. In the vacuum insertion

approximation we have [64]

∆mNP
K =

λ′i21λ
′∗
i12

m2
ν̃iL

mKf
2
K

[
1

12
+

1

2

(
mK

ms +md

)2
]
, (94)

where fK is the kaon decay constant and ms,d are the strange and down quark masses.

We have taken the coupling λ′i21λ
′∗
i12 to be real and so this coupling does not contribute

to the CP violating parameter ϵ ∼ Im(M12). This leads us to obtaining the constraint

on the coupling ∣∣∣∣∣λ′i21λ′∗i12m2
ν̃iL

∣∣∣∣∣ (1 TeV)2 < 2.2× 10−8 (95)

From this constraint we have that λ′i21λ
′∗
i12 is effectively equal to zero. This could be

due to the incoherent sum over i 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.

The decay widths KL → ππ and K+ → ππ can put constraints on
|λ′

i21λ
′∗
i11|

2m2
ν̃i
L

. In

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

|λ′i21λ′∗i11| ∼ λ
GF√
2
2m2

ν̃iL
∼ 4

(
mν̃iL

1TeV

)2

. (96)

The phase of λ′i21λ
′∗
i11 will be severely constrained from the CPV violating parameter

ε′

ε
[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 ε′

ε
generated from Eq. 71

as the contribution is proportional to Im(λ′i21λ
′∗
i11).

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 19,20,21, and 22, along with
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their predicted values from the fit performed. From the two body decay kinematics

we have that

Bi =
Γi

Γ
= τ0Γi = τ0

[
p

8πℏM2
0

|Ai|2
]

⇒ |Ai| =

√
8πℏM2

0Bi

pτ0
(97)

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 M0 and lifetime τ0. 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 [13] 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 18. To alleviate some notation we introduce the following

definition:

X i
kk′ =

λi2kλi1k′

8m2
l̃i

(98)

and we will take ml̃i = 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 i
12 = 0.

Meson Decay Standard Model Diagrams New Physics Diagrams

D0 K−π+ GF√
2
V ∗
csVud(T + E) X i

21

(
CNP + ANP

)
K

0
π0 GF√

2

V ∗
csVud√

2
(C − E) 1√

2
X i

21(T
NP − ANP)

K
0
η −GF√

2

V ∗
csVud√

3
C − 1√

3
X i

21T
NP

K
0
η′ GF√

2

V ∗
csVud√

6
(C + 3E) 1√

6
X i

21(T
NP + 3ANP)

D+ K
0
π+ GF√

2
V ∗
csVud(C + T ) X i

21(T
NP + CNP)

D+
s K

0
K+ GF√

2
V ∗
csVud(C + A) X i

21(T
NP + ENP)

π+η GF√
2

V ∗
csVud√

3
(T − 2A) 1√

3
X i

21(C
NP − 2ENP)

π+η′ GF√
2

2V ∗
csVud√
6

(T + A) 2√
6
X i

21(C
NP + ENP)

Table 16: The Cabibbo-Favored decays

47



Meson Decay Standard Model Diagrams New Physics Diagrams

D0 π+π− GF√
2
V ∗
cdVud(T + E) X i

11(C
NP + ANP)

π0π0 GF√
2

V ∗
cdVud√

2
(−C + E) − 1√

2
X i

11(T
NP − ANP)

K+K− GF√
2
V ∗
csVus(T + E) X i

22(C
NP + ANP)

K
0
K0 GF√

2
(V ∗

cdVud + V ∗
csVus)E (X i

11 +X i
22)A

NP

D+ π+π0 −GF√
2

V ∗
cdVud√

2
(T + C) − 1√

2
X i

11(T
NP + CNP)

K+K
0 GF√

2
V ∗
csVusT + V ∗

cdVudA X i
22C

NP +X i
11E

NP

D+
s π+K0 GF√

2
V ∗
cdVudT + V ∗

csVusA X i
11C

NP +X i
22E

NP

π0K+ GF√
2

1√
2
(−V ∗

cdVudC + V ∗
csVusA) − 1√

2
(X i

11T
NP −X i

22E
NP)

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

Meson Decay Standard Model Diagrams New Physics Diagrams

D0 K+π− GF√
2
V ∗
cdVus(T + E) X i

12(C
NP + ANP)

K0π0 GF√
2

V ∗
cdVus√

2
(C − E) 1√

2
X i

12(T
NP − ANP)

K0η −GF√
2

V ∗
cdVus√

3
C − 1√

3
X i

12T
NP

K0η′ GF√
2

V ∗
cdVus√

6
(C + 3E) 1√

6
X i

12(T
NP + 3ANP)

D+ K0π+ GF√
2
V ∗
cdVus(C + A) X i

12(T
NP + ENP)

K+π0 −GF√
2

V ∗
cdVus√

2
(T − A) − 1√

2
X i

12(C
NP − ENP)

K+η −GF√
2

V ∗
cdVus√

3
T − 1√

3
X i

12C
NP

K+η′ GF√
2

V ∗
cdVus√

6
(T + 3A) 1√

6
X i

12(C
NP + 3ENP)

D+
s K0K+ GF√

2
V ∗
cdVus(T + C) X i

12(T
NP + CNP)

Table 18: The Doubly Cabibbo Suppressed amplitudes.

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

ACP (D
0 → K+K−) = −0.07± 0.11 % (99)

ACP (D
0 → π+π−) = 0.13± 0.14 % (100)

∆ACP = −0.161± 0.029 % (101)

where

ACP (D
0 → f) =

Γ(D0 → f)− Γ(D
0 → f)

Γ(D0 → f) + Γ(D
0 → f)

and

∆ACP = ACP (D
0 → K+K−)− ACP (D

0 → π+π−)

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

A(f) = |S|eıϕS + |N |eıϕN

where |S|, |N | are the magnitudes of the SM contributions and NP contributions,

respectively, then ϕS, ϕN 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 X i
kk′ which is affected

in the CP conjugate amplitude. So, ϕN = ϕX + ϕD, where ϕX denotes the phase due

to the coupling constants, and ϕD represents the strong phase coming from the new

physics diagrams. This gives us that

A(f) = |S|eıϕS + |N |eı(−ϕX+ϕD) (102)

From this we calculate the CP-asymmetry as

ACP (f) =
2|S||N | sinϕX sin(ϕS − ϕD)

|S|2 + |N |2 + 2|S||N | cosϕX cos(ϕS − ϕD)
(103)

Using this we can include the individual measurements ofACP (K
+K−) andACP (π

+π−)

as constraints, as well as ∆ACP . Naively we would assume that this asymmetry is dom-

inated by |N |/|S| ≈ ACP ≈ 10−3, 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

X i
kk′ =

λ′i2kλ
′∗
i1k′

8m2
l̃i

⇒ X i
11X

i
22 = X i

12X
i
21 (104)

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[78] 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 X i
12 parameter to zero as a result of the discussion

ofK0−K̄0 mixing, and we are down to 25 parameters. We further assume that the X i
11

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 η and η′ 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

χ2 function minimization is thus possible. We find a value of χ2/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

|NK+K− |
|S|

=
|X22(C

NP + ANP)|
|λ(T + E)|

= 0.010 and
|Nπ+π− |

|S|
=

|X11(C
NP + ANP)|

|λ(T + E)|
= 0.024

(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.4.3, we see that the NP amplitudes Ts, As ∝ 1/Nc and

Cs, Es ∝ 1. We impose the following constraints

Ts
As

≈ 1
Cs

Es

≈ 1
Ts
Cs

≈ 1

3

As

Es

≈ 1

3
(106)

and perform a fit which yields a χ2/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 D0 → K+K− it is

0.05, and for D0 → π+π− 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 (%) χ2

D0 K−π+ 3.950± 0.031 3.95 0

K
0
π0 2.48± 0.044 2.47 0.1

K
0
η 1.018± 0.012 1.022 0.1

K
0
η′ 1.898± 0.064 1.909 0.03

D+ K
0
π+ 3.124± 0.062 3.130 0.01

D+
s K

0
K+ 2.95± 0.14 2.89 0.2

π+η 1.70± 0.09 1.70 0
π+η′ 3.94± 0.25 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 (×10−3) Predicted (×10−3) χ2

D0 π+π− 1.455± 0.024 1.454 0.001
π0π0 0.826± 0.025 0.825 0.0007
K+K− 4.08± 0.06 4.06 0.06

K0K
0

0.282± 0.010 0.283 0.008
D+ π+π− 1.247± 0.033 1.247 0

K+K
0

6.08± 0.18 6.12 0.06
D+

s π+K0 2.44± 0.12 2.47 0.06
π0K+ 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]

mνi ∼
3

8π2

λ′ijkλ
′
ikj

2md̃jL

MSUSYmdjmdk (107)

Looking at just the indexed terms in the expression we see that the ii′ element
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Meson Decay Mode Branching Ratio (×10−3)
D0 π0η 0.63± 0.06

π0η′ 0.92± 0.010
ηη 2.11± 0.19
ηη′ 1.01± 0.19

D+ π+η 3.77± 0.09
π+η′ 4.97± 0.19

D+
s K+η 1.77± 0.35

K+η′ 1.8± 0.6

Table 21: The branching ratios of the Singly-Cabbibo-Suppressed decays involving η
and η′. These were not included in the fit.

Meson Decay Mode Branching Ratio (×10−4) Predicted (×10−4) χ2

D0 K+π− 1.364± 0.026 1.379 0.3
K0π0 − − −
K0η − − −
K0η′ − − −

D+ K0π+ − − −
K+π0 2.08± 0.21 1.66 4.0
K+η 1.25± 0.16 1.32 0.2
K+η′ 1.85± 0.20 1.74 0.8

D+
s K0K+ − − −

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.

Diagram Magnitude (GeV)3 Phase (degrees)
T 0.383± 0.002 0
C 0.263± 0.004 −155± 1
E 0.168± 0.001 117.1± 0.9
A 0.151± 0.010 60± 2
TNP 0.93± 0.10 −22± 3
CNP 0.432± 0.009 7.9± 0.4
ENP 0.86± 0.05 115± 3
ANP 0.60± 0.01 −128.0± 0.6

Table 23: The Standard Model diagram amplitudes, T,C,E,A and the New Physics
amplitudes, Ts, Cs, Es, As.

Coupling Magnitude Phase (degrees)
λ′i21λ

′∗
i11 0.131± 0.005 0

λ′i22λ
′∗
i11 0.52± 0.04 120± 2

λ′i22λ
′∗
i12 0.32± 0.01 −79± 3

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

λ′i11λ
′
i′11m

2
d + λ′i22λ

′
i′22m

2
s + λ′i33λ

′
i′33m

2
b

2λ′i12λ
′
i′21mdms + 2λ′i13λ

′
i′31mdmb + 2λ′i23λ

′
i′32msmb (108)

and we see that the largest contribution to each element comes from λ′i33λ
′
i′33

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 m2
d/m

2
b ≈ 10−6, m2

s/m
2
b ≈ 10−3, and

mdms/m
2
b ≈ 10−5, respectively compared with this term.
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5 Unified explanation of b→ sµ+µ−, neutrino masses,

and B → πK 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 →

cτ−ν̄ tansitions and in the neutral current (NC) processes mediated by b → sℓ+ℓ−

transition with ℓ = µ, 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 → sℓ+ℓ− decays which are fertile grounds to look for

new physics effects [82, 83]. In b→ sµ+µ− transitions there are discrepancies with the

SM in a number of observables in B → K∗µ+µ− [84, 85, 86, 87, 88] and B0
s → ϕµ+µ−

[89, 90].

There are also measurements that are different from the SM expectations that

involve ratios of b → sµ+µ− and b → se+e− transitions. These measured quan-

tities are tests of Lepton Universality (LUV) and are defined as RK ≡ B(B+ →

K+µ+µ−)/B(B+ → K+e+e−) [91, 92] and RK∗ ≡ B(B0 → K∗0µ+µ−)/B(B0 →

K∗0e+e−) [93, 94].

While the discrepancies in b→ sµ+µ− can be understood with lepton universal

new physics[95], hints of LUV in RK and R∗
K 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, 97]. The b →
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sµ+µ− transitions are defined via an effective Hamiltonian with vector and axial vector

operators:

Heff = −αGF√
2π
VtbVts∗

∑
a=9,10

(CaOa + C ′
aO

′
a) ,

O9(10) = [s̄γµPLb][µ̄γ
µ(γ5)µ] , (109)

where the Vij 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,SM + CX,NP.

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, 101, 97].

One of the popular scenario is Cµµ
9,NP = −Cµµ

10,NP which can arise from the tree level

exchange of leptoquarks (LQ) or a Z ′ which may be heavy [102, 103, 104] or light

[105, 96, 106, 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)L-triplet scalar (S3), a

SU(2)L-singlet vector (U1), and a SU(2)L-triplet vector (U3) and we will focus on the

S3 which along with diquarks can be used to generate neutrino masses at loop level

[110, 111]. To generate the neutrino masses, one can fix the S3 couplings by a fit to

the b→ sℓ+ℓ− 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 → πK decays. These are penguin dominated nonleptonic b decays and been studied

extensively. The decays in the set include B+ → π+K0 (designated as +0 ), B+ →

π0K+ (0+), B0 → π−K+ (−+) and B0 → π0K0 (00). Their amplitudes are not
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independent, but obey a quadrilateral isospin relation:

√
2A00 + A−+ =

√
2A0+ + A+0 . (110)

Using these decays, nine observables have been measured: the four branching ratios,

the four direct CP asymmetries ACP , and the mixing-induced indirect CP asymmetry

SCP in B0 → π0K0. 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 → πK puzzle” [112, 113, 114, 115].

Recently the fits were updated [116, 117, 118]. In Ref. [116] 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 (T ′) 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 → πK puzzle – NP is needed.

The precise statement of the situation is then, the measurements of B → πK 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 → πK decays. One is

a Z ′ boson that has a flavor-changing coupling to s̄b and also couples to ūu and/or d̄d.

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→ sℓ+ℓ− data. In section. 3 we explore the B → πK

decays mediated by the exchange of diquarks and we consider the constraints on the

diquark Yukawa couplings from the B → πK 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 → ϕπ and B → ϕϕ. 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 SL(with lepton

number 1) of massmL and a scalar diquark SD of massmS transforming as (3, 3,−1/3)

3 and (6, 1,−2/3)4 respectively under SM gauge group SU(3)c × SU(2)× U(1)Y with

Q = T3 + Y . The baryon number of SL is taken to be 1/3 whereas SD 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

Lint = −Y ij
l Lc

i i σ2Q
α
j S

α∗
L − Y ij

d dαciR d
β
jR S

αβ∗
D + µSα∗

L Sβ∗
L Sαβ

D + (H.c.), (111)

where α, β = r, b, g are SU(3)c indices and i, j = 1, 2, 3 are generation indices, the di-

quark coupling matrix, Y ij
d , is symmetric whereas the leptoquark coupling matrix, Y ij

l ,

is general complex matrix. The leptoquark couples lepton and quark as
√
2νiL ujL −

√
2eiL djL+νiL djL+eiL ujl. Note that, in Eqn 111, 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 RK and R∗

K anomaly as this scalar couples up-type quarks to charged leptons.
4Note that if we had chosen diquark to be (3, 1,−2/3), Yd and, hence, neutrino mass matrix would

be antisymmetric.
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teraction terms(not relevant to our analysis), such as
[
λ1Φ

†ΦTr(S†
LSL) + λ2Tr(Φ

†SLS
†
LΦ)

]
where Φ 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 λ1,2 = 0 such that

all SL particles/states have same mass, mL. 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.

✗✐▲

❙✸▲

❙❉

❞❦▲ ❞❦❘
✂

❞❧❘
✂
❞❧▲

❙✸▲

✗❥▲

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],

M i j
ν = 24µY ik

l mk
d Y

kl
d I

klml
d Y

lj
l , (112)

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

simplifies to

Ikl ≃ 1

(4π)4
1

m2
L

Ĩ

(
m2

S

m2
L

)
, (113)

with

Ĩ(r) =

∫ 1

0

dx

∫ 1−x

0

dy
1

x+ y(y + r − 1)
ln

(
x+ ry

y(1− y)

)
, (114)

and md is 3×3 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, Mν by the

PMNS matrix, U as

mν = U †MνU . (115)
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The standard parametrization is adopted that

U =


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδ

0 1 0

−s13eiδ 0 c13




c12 s12 0

−s12 c12 0

0 0 1



1 0 0

0 eiα21/2 0

0 0 eiα31/2


(116)

where cij and sij represent cos θij and sin θij, respectively. In the case of Majorana

neutrinos, α21 and α31 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, µ, is constrained by demanding the perturbativity of the

theory. The trilinear terms in Eqn. 111 would generate one-loop correction to lep-

toquarks and diquarks masses. These corrections(∆m2
S) are, in general, proportional

to µ2

16π2 . Requiring corrections to be smaller than the corresponding masses implies

µ≪ 4πmS/L[121]. As various collider searches, discussed in section 5.4, does not allow

the scalar masses smaller than 1 TeV, we would take µ 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

• 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 ik
l Y jn∗

l

2m2
L

(liγ
µPLlj)(qkγµPLqn) + h.c. (117)
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as an effective operator where l and q denote leptons and quarks. These are

organized in terms of the four-Fermi effective interactions with normalised di-

mensionless Wilson coefficients as

Heff =
∑
ijkn

Y ik
l Y jn∗

l

2m2
L

Oijkn =
−4GF√

2

∑
ijkn

CijknOijkn (118)

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
l should be able to explain small neutrino mass, following

are the most crucial operators related to our work

– (eiγ
µPLej)(dγµPLd)-The µ− e conversion in nuclei sets a bound on Wilson

coefficient of this operator, i.e

C1211 =

∣∣∣∣ Y 11
l Y 21∗

l

4
√
2GFm2

L

∣∣∣∣ < 8.5× 10−7. (119)

– (µγµPLe)(dγµPLs)-The bound from the decay K◦ → e+µ− sets a bound on

C1212

C1212 =

∣∣∣∣ Y 12
l Y 21∗

l

4
√
2GF m2

L

∣∣∣∣ < 3.0× 10−7. (120)

– (νiγ
µPLνj)(dkγµPLdl)- The constraint on the K meson decay to pion and

neutrinos(νiνj) sets another bound:

Cij12 =

∣∣∣∣∣ Y i1
l Y

j2∗
l

4
√
2GF m2

L

∣∣∣∣∣ < 9.4× 10−6, (121)

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

in Ref.[122].

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

li → ljγ are induced at one loop by the exchange of a leptoquark SL with the
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branching ratio [120]:

BR(ℓi → ℓjγ) ≃
3αχi

256πG2
F

1

m4
L

∣∣(YlY †
l )

ij
∣∣2. (122)

where α = e2

4π
, χµ = 1 and χτ = 1/5. In the case of τ 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 µ and τ -lepton

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

– BR(µ→ eγ) < 4.2× 10−13,

– BR(τ → µγ) < 4.4× 10−8,

– BR(τ → eγ) < 3.3× 10−8.

• b → sℓ+ℓ− anomalies: As discussed in the introduction one can do fits to the

b→ sℓ+ℓ− 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 SL leptoquark

at tree level contributes to the decay b → sℓ+ℓ−, and in particular generates

the scenario Cµµ
9,NP = −Cµµ

10,NP. The effective Hamiltonian describing the decay is

parameterized as,

Heff = −4GF√
2

α

4π
VtbVts∗

∑
i

Ci(µ)Oi(µ) + h.c., (123)

where Oi(µ) are effective operators with Wilson coefficients Ci(µ) renormalized

at the scale µ. For the model under consideration, only the operators Oℓi
9 =

(s̄γµPLb)(ℓ̄iγ
µℓi) andOℓi

10 = (s̄γµPLb)(ℓ̄iγ
µγ5ℓi) are induced. Using Fierz identity,

we obtain the following Wilson coefficients

Cℓi
9 = −Cℓi

10 = −
√
2π

4αGFm2
L

(Y i3
l )(Y i2∗

l )

VtbVts∗
, (124)

A model independent analysis on the above operators [97] from the RK , R
∗
K and
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P ′
5 suggests that

Cµµ
9 (NP) = −0.53± 0.08. (125)

5.3 Diquark

5.3.1 Nonleptonic Decays and the B → πK Puzzle

In the Standard Model (SM) the amplitudes for hadronic B decays of the type b→ qf̄f

are generated by the following effective Hamiltonian

Hq
eff =

GF√
2

[
VfbV

∗
fq(c1O

q
1f + c2O

q
2f )−

10∑
i=3

VtbV
∗
tqc

t
iO

q
i

]
+H.C. , (126)

where the superscript t indicates the internal quark, f can be u or c quark. q can be

either a d or a s quark depending on whether the decay is a ∆S = 0 or ∆S = −1

process. The operators Oq
i are defined as

Oq
f1 = q̄αγµLfβ f̄βγ

µLbα , Oq
2f = q̄γµLff̄γ

µLb ,

Oq
3,5 = q̄γµLbq̄

′γµL(R)q′ , Oq
4,6 = q̄αγµLbβ q̄

′
βγ

µL(R)q′α , (127)

Oq
7,9 =

3

2
q̄γµLbeq′ q̄

′γµR(L)q′ , Oq
8,10 =

3

2
q̄αγµLbβeq′ q̄

′
βγ

µR(L)q′α ,

where R(L) = 1± γ5, and q
′ is summed over u, d, s, c and b. O2 and O1 are the tree

level and QCD corrected operators, respectively. O3−6 are the strong gluon induced

penguin operators, and operators O7−10 are due to γ and Z exchange (electroweak

penguins), and “box” diagrams at loop level. The Wilson coefficients cfi are defined

at the scale µ ≈ mb and have been evaluated to next-to-leading order in QCD. The cti

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 → πK 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→ d̄idjdk as,

Hd
NP = Xd d̄α,kγµ(1 + γ5)bα d̄β,jγ

µ(1 + γ5)dβ,i, (128)

where the superscript d in Xd 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

Xd = −
Y d
i3Y

∗d
jk

4m2
S

, (129)

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→ s̄ss the diquark contribution is tiny as the effective

Hamiltonian is proportional to Y d
22 which vanishes for the 3 diquark and is highly

suppressed from K and B mixing for the sextet diquark. Similarly the b → d̄dd

transition is proportional to Y d
11 is also small.

For b → sd̄d( b → d̄sd and b → d̄ds) transitions we have the following Hamil-

tonian

Hd
NP = Xd s̄αγµ(1 + γ5)bα d̄βγ

µ(1 + γ5)dβ

+ Xd
C s̄αγµ(1 + γ5)bβ d̄βγ

µ(1 + γ5)dα, (130)

with

Xd = −Y
d
13Y

∗d
12

4m2
S

,

Xd
C = −Y

d
13Y

∗d
21

4m2
S

, (131)
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and

X3 = −X3
C ,

X6 = X6
C . (132)

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

Hd
NPF = X i d̄βγµ(1 + γ5)bα s̄αγ

µ(1 + γ5)dβ

+ X i
C d̄βγµ(1 + γ5)bβ s̄αγ

µ(1− γ5)dα. (133)

The only other unsuppressed transitions is b → ss̄d( b → s̄sd and b → s̄ds)

which has the effective Hamiltonian,

Hd
NP = Xd s̄αγµ(1 + γ5)bα d̄βγ

µ(1 + γ5)sβ

+ Xd
C s̄αγµ(1 + γ5)bβ d̄βγ

µ(1 + γ5)sα, (134)

with

Xd = −Y
d
23Y

∗d
12

4m2
S

,

Xd
C = −Y

d
23Y

∗d
21

4m2
S

, (135)

In this case at the meson level we can have the decays B → ϕπ and the annhilation

decays B → ϕϕ. 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 → πK Puzzle

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

πK decays in terms of topological amplitudes. Including only the leading diagrams

64



the B → πK amplitudes become

A+0 = −P ′
tc ,

√
2A0+ = −T ′eiγ + P ′

tc − P ′
EW ,

A−+ = −T ′eiγ + P ′
tc ,

√
2A00 = −P ′

tc − P ′
EW . (136)

Here, T ′ is the color allowed tree amplitude, P ′
tc is gluonic penguin amplitudes and

P ′
EW is the color allowed electroweak penguin amplitude. Furthermore in the SU(3)

limit the T ′ and P ′
EW are proportional to each other and so have the same strong

phases. Now consider the direct CP asymmetries of B+ → π0K+ and B0 → π−K+.

Such CP asymmetries are generated by the interference of two amplitudes with nonzero

relative weak and strong phases. In both A0+ and A−+, T ′-P ′
tc interference leads to a

direct CP asymmetry. On the other hand, in A0+, P ′
EW and T ′ have the same strong

phase (P ′
EW ∝ T ′ , while P ′

EW and P ′
tc have the same weak phase (= 0), so that

P ′
EW does not contribute to the direct CP asymmetry. This means that we expect

ACP (B
+ → π0K+) = ACP (B

0 → π−K+).

The latest B → πK measurements are shown in Table 25. Not only are

ACP (B
+ → π0K+) and ACP (B

0 → π−K+) not equal, they are of opposite sign!

Experimentally, we have (∆ACP )exp = (12.2 ± 2.2)%. This differs from 0 by 5.5σ.

This is the naive B → πK puzzle.

Mode BR[10−6] ACP SCP

B+ → π+K0 23.79± 0.75 −0.017± 0.016
B+ → π0K+ 12.94± 0.52 0.040± 0.021
B0 → π−K+ 19.57± 0.53 −0.082± 0.006
B0 → π0K0 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 → πK 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 → πK amplitudes take the form Oij,q
NP ∼ s̄Γib q̄Γjq (q = u, d), where Γi,j represent

Lorentz structures, and color indices are suppressed. The NP contributions toB → πK

are encoded in the matrix elements ⟨πK| Oij,q
NP |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: ∑
⟨πK| Oij,q

NP |B⟩ = AqeiΦq . (137)

Here the strong phase is zero. There are two classes of such NP amplitudes, differing

only in their color structure: s̄αΓibα q̄βΓjqβ and s̄αΓibβ q̄βΓjqα (q = u, d). They are

denoted A′,qeiΦ
′
q and A′C,qeiΦ

′C
q , respectively [128]. Here, Φ′

q and Φ′C
q are the NP

weak phases. In general, A′,q ̸= A′C,q and Φ′
q ̸= Φ′C

q . Note that, despite the “color-

suppressed” index C, the matrix elements A′C,qeiΦ
′C
q are not necessarily smaller than

A′,qeiΦ
′
q .

There are therefore four NP matrix elements that contribute to B → πK

decays. However, only three combinations appear in the amplitudes: A′,combeiΦ
′ ≡

−A′,ueiΦ
′
u + A′,deiΦ

′
d , A′C,ueiΦ

′C
u , and A′C,deiΦ

′C
d [128]. The B → πK 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 ′
uc but include the color suppressed amplitudes:

A+0 = −P ′
tc −

1

3
P ′C
EW +A′C,deiΦ

′C
d ,

√
2A0+ = P ′

tc − T ′ eiγ − P ′
EW − C ′ eiγ − 2

3
P ′C
EW +A′,combeiΦ

′ −A′C,ueiΦ
′C
u ,

A−+ = P ′
tc − T ′ eiγ − 2

3
P ′C
EW −A′C,ueiΦ

′C
u ,

√
2A00 = −P ′

tc − P ′
EW − C ′ eiγ − 1

3
P ′C
EW +A′,combeiΦ

′
+A′C,deiΦ

′C
d . (138)

Here we can define the various matrix elements as

A′C,deiΦ
′C
d =

√
2
〈
π0K0

∣∣Hd
NPF

∣∣B0
〉
=

〈
π+K0

∣∣Hd
NPF

∣∣B+
〉

A′C,ueiΦ
′C
u = −

√
2
〈
π0K+

∣∣Hu
NPF

∣∣B+
〉
=

〈
π−K+

∣∣Hu
NPF

∣∣B0
〉

A′,combeiΦ
′

=
√
2
〈
π0K+

∣∣ [Hu
NP +Hd

NP

] ∣∣B+
〉
=

√
2
〈
π0K0

∣∣ [Hu
NP +Hd

NP

] ∣∣B0
〉
(139)

In our model Hu
NP and Hu

NPF are absent while Hd
NP and Hd

NPF are defined in Eq. 130

and Eq. 133. In the factorization assumption and using Eq. 130 and Eq. 133 we get

the following results for the non-zero amplitudes,

A′C,deiΦ
′C
d =

[
X6 −X3 +

X6 +X3

Nc

]
×
〈
π+

∣∣ d̄βγµ(1 + γ5)bβ
∣∣B+

〉 〈
K0

∣∣ s̄αγµ(1 + γ5)dα |0⟩

A′,deiΦ
′
d =

√
2

[
X6 +X3 +

X6 −X3

Nc

]
×
〈
K+

∣∣ s̄βγµ(1 + γ5)bβ
∣∣B+

〉 〈
π0
∣∣ d̄αγµ(1 + γ5)dα |0⟩ (140)

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

P ′
EW,NP e

iΦ′
EW ≡ A′,ueiΦ

′
u −A′,deiΦ

′
d ,

P ′
NP e

iΦ′
P ≡ 1

3
A′C,ueiΦ

′C
u +

2

3
A′C,deiΦ

′C
d ,

P ′C
EW,NP e

iΦ′C
EW ≡ A′C,ueiΦ

′C
u −A′C,deiΦ

′C
d . (141)
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In this case we have

P ′
EW,NP e

iΦ′
EW ≡ −A′,deiΦ

′
d ,

P ′
NP e

iΦ′
P ≡ 2

3
A′C,deiΦ

′C
d = −(2/3)P ′C

EW,NP

P ′C
EW,NP e

iΦ′C
EW ≡ −A′C,deiΦ

′C
d . (142)

NP fit (1): χ2/d.o.f. = 3.75/4,

p-value = 0.44

Parameter Best-fit value

γ (67.5± 3.4)◦

β (21.80± 0.68)◦

Φ′ (37.0± 12.6)◦

|T ′| 19.1± 2.8

|P ′
tc| 48.7± 1.2

P ′
EW,NP 8.6± 2.5

P ′C
EW,NP 2.7± 1.1

δP ′
tc

(−4.0± 1.1)◦

δC′ (−60.0± 115.6)◦

NP fit (2): χ2/d.o.f. = 3.82/4,

p-value = 0.43

Parameter Best-fit value

γ (74.7± 5.2)◦

β (21.80± 0.68)◦

Φ′ (18.7± 33.9)◦

|T ′| 19.7± 7.1

|P ′
tc| 45.5± 3.9

P ′
EW,NP 6.7± 3.9

P ′C
EW,NP 6.5± 3.7

δP ′
tc

(−4.0± 2.0)◦

δC′ (−48.9± 23.5)◦

Table 26: χ2
min/d.o.f. and best-fit values of unknown parameters for the Diquark model

where the Fit 1 has X6 = X3, and Fit 2 has X3 = 0. Constraints: B → πK
data, measurements of β and γ, |C ′/T ′| = 0.2, |P ′C

EW,NP/P
′
EW,NP | = 0.3 (Fit 1), and

|P ′C
EW,NP/P

′
EW,NP | = 1 (Fit 2).

We consider two models, the first with

X6 = X3 (143)
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This leads to P ′C
EW,NP/P

′
EW,NP = 1

3
with both amplitudes having the same weak phase.

P ′
EW,NP e

iΦ′
EW ≡ Y 6

d13Y
∗6
d12

4m2
S

√
2
〈
K+

∣∣ s̄βγµ(1 + γ5)bβ
∣∣B+

〉
⟨0| s̄αγµ(1 + γ5)dα

∣∣K0
〉
,

P ′
NP e

iΦ′
P ≡ 2

3
A′C,deiΦ

′C
d = −(2/3)P ′C

EW,NP

P ′C
EW,NP e

iΦ′C
EW ≡ −A′C,deiΦ

′C
d = P ′

EW,NP e
iΦ′

EW /3 . (144)

The second model has

X3 = 0 (145)

This leads to P ′C
EW,NP/P

′
EW,NP = 1, again with both amplitudes having the same weak

phase.

A χ2 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

χ2 =
N∑
i=1

(
Oexp −Oth

∆Oexp

)2

(146)

where Oexp and ∆Oexp are the experimentally determined quantities with their asso-

ciated uncertainties, respectively, as listed in Table 25. Oth 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 χ2. There are many programs available to

accomplish this, one of the most widely used is MINUIT [78], which is used here. The

goodness of the fit is determined by the value of χ2 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 → πK data, the independent measurements of β

and γ, and the constraints on |C ′/T ′| and |P ′C
EW,NP/P

′
EW,NP |. 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 χ2
min ≈ 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 X3 = 0, which is not bad (and is far better than that

of the SM).

The SM T ′ diagram involves the tree-level decay b̄ → ūW+∗(→ us̄ = K+).

The NP P ′
EW,NP diagram looks very similar and is expressed relative to the T ′ di-

agram. Within factorization, the SM and NP diagrams involve AπK ≡ FB→π
0 (0)fK

and AKπ ≡ FB→K
0 (0)fπ, respectively, where F

B→K,π
0 (0) are form factors and fπ,K are

decay constants. The hadronic factors are similar in size: |AKπ/AπK | = 0.9±0.1 [125].

Taking central values for X6 = X3, we have [116]

Φ′ = Arg[Y 6
d13Y

∗6
d12]∣∣∣∣P ′

EW,NP

T ′

∣∣∣∣ ≃ 2AKπ|X3|
AπK(GF/

√
2)|Vub∗Vus|

=
8.6

19.1

=⇒
∣∣∣∣Y 6

d13Y
∗6
d12

2m2
S

∣∣∣∣ = (3.4± 1.2)× 10−3 TeV−2 . (147)

For X3 = 0 we obtain

∣∣∣∣Y 6
d13Y

∗6
d12

2m2
S

∣∣∣∣ = (2.6± 1.8)× 10−3 TeV−2 (148)

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 [130], the mixing can be depicted as the six dimension operator:

Omix =
Y ∗ij
d Y kl

d

m2
S

ψ̄k
Rγ

µψi
R ψ̄

l
Rγµψ

j
R (149)
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The 90 % C.L bounds on the corresponding Wilson coefficients[130] is then given as:

K◦ −K◦

∣∣∣∣ Y ∗11
d Y 22

d

4
√
2GFm2

S

∣∣∣∣ < 2.9× 10−8

B◦
d −B◦

d

∣∣∣∣ Y ∗11
d Y 33

d

4
√
2GFm2

S

∣∣∣∣ < 7.0× 10−7

B◦
s −B◦

s

∣∣∣∣ Y ∗22
d Y 33

d

4
√
2GFm2

S

∣∣∣∣ < 3.3× 10−5

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 [131, 132]. The leptoquarks can be pair produced

from gg and qq̄ or singly produced at hadron colliders via g + q → SL+lepton. Recent

studies at ATLAS[133] and CMS[134] with 13 TeV data puts a bound on the scalar

leptoquark mass, mL > 1, 1.2(ATLAS), 0.9(CMS)TeV when decays to ue, cµ and tτ

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 cµ. So, for our analysis, we will be taking mL > 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 6TeV. However, these limits are derived for the E6 diquark

which couples with an up-type quark and a down-type quark[137]. 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 E6 diquark. This leads to a decrease in the flux factor and

hence the crossection and thereby the bounds onmS should be lower. Hence, we would

assume mS ∈ [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 mS ∈ [5 :
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20] TeV, the B → πK fit requires Y 12,13
d to be greater than 0.1. So we genrated

this couplings randomly in range [0.1 : 1]. We fixed Y 23
d of order 10−2 and Y 33

d was

generated ∈ [10−4 : 10−2]. The choice for Y 33
d is justified in the context of neutrino

mass calculation as this coupling is multiplied to square of bottom quark mass. For

the remaining Y ij
d , i.e, Y 11,12

d , we scan in range [10−5, 1]. Except Y 23
d , 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 2i
l couplings(real) are generated randomly in the

range [10−5 : 1]. With the obtained sets of couplings, we calculated the strength

of leptoquark couplings for randomly genrated LQ mass solving Eqn.112 so as to

get the correct neutrino masses. The Neutrino mass matrix in Eqn.112 gives six

equations corresponding to six independent parameters given in Table 27. We have

kept majorana phases to be 0, and have employed the 2σ ranges for the neutrino

mixing parameters for Normal Hierarchy from [138, 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.12.

The pattern in the lower limit of Y 22,23
l coupling is mainly decided by b →

sℓ+ℓ− anomalies. The DQ couplings Y
12/13
d always comes with product of down and

strange/bottom quark masses in Eqn.112. 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 [111] 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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δm2 7.07− 7.73× 10−5eV2

sin2 θ12 0.265− 0.334
|∆m2| 2.454− 2.606× 10−3eV2

sin2 θ13 0.0199− 0.0231
sin2 θ23 0.395− 0.470
δ/π 1.00− 1.90

Table 27: Neutrino data with 2σ deviation for Normal Hierarchy[138, 139].
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Figure 11: The correlation between
|Y 12

d |
mS

and
|Y 13

d |
mS

. The shaded area correspond to
mass range mS ∈ [5 : 20].

B.P BR(B± → ϕπ±) BR(B± → ϕπ◦) BR(B± → ϕϕ)

A 1.45 ×10−10 7.2 ×10−11 1.45 ×10−12

B 6.5 ×10−14 3.2 ×10−14 6.5 ×10−16

C 1.19 ×10−12 5.95 ×10−13 1.19 ×10−14

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

5.5 Conclusion

In conclusion we have discussed a unified framework to provide solutions to three

problems. They are the anomalies in b→ sµ+µ− measurements, nonleptonic B → πK

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 → sℓ+ℓ− measurements. The solutions to the B → πK

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.
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Figure 12: Parameter space scan in Y ij
l −mL plane.
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6 Axion-like particles resolve the B → πK 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 → sℓ+ℓ− 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 → sℓ+ℓ− 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 → πK decays where an inconsistency was

observed and this was called the “B → πK puzzle” [112, 113, 114]. The amplitudes of

the four B → πK decays, B+ → π+K0 (designated as +0 below), B+ → π0K+ (0+),

B0 → π−K+ (−+), and B0 → π0K0 (00), are related by a single isospin relationship,

√
2A00 + A−+ =

√
2A0+ + A+0 . (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 B0 → π0K0. Expressing the B → πK decays in terms of topological amplitudes

one can perform a fit to obtain the SM as well as the NP amplitudes [115]. As

new experimental numbers were reported, updated fits were performed in Refs. [141,

129, 116, 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 → πK puzzle. The key observation is that in the

B → πK set of decays, the discrepancies from the SM predictions involve modes with

a π0 in the final state. The basic idea to solve the B → πK puzzle is to assume

that there is a light pseudoscalar particle, a, that mixes with the π0. In our model,

an FCNC B → Ka amplitude is generated through the usual top-penguin diagram

followed by the a mixing with the π0 to produce a new contribution to the B → Kπ0

amplitudes. We then show that this new amplitude can solve the B → πK puzzle

while being consistent with constraints from various other processes. We point out

that the ALP can also solve the (g − 2)µ,e anomalies via its couplings to leptons and

photons.

6.1 B → πK puzzle

We begin by explaining the B → πK 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 → πK decay amplitudes are

A+0 = −P ′
tc + P ′

uce
iγ − 1

3
P ′C
EW , (151)

√
2A0+ = −T ′eiγ − C ′eiγ + P ′

tc − P ′
uce

iγ − P ′
EW − 2

3
P ′C
EW , (152)

A−+ = −T ′eiγ + P ′
tc − P ′

uce
iγ − 2

3
P ′C
EW , (153)

√
2A00 = −C ′eiγ − P ′

tc + P ′
uce

iγ − P ′
EW − 1

3
P ′C
EW . (154)

The various diagrams are discussed in Ref. [115] 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 P ′
EW and P ′C

EW can be related to
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the tree-level diagrams T ′ and C ′ within the SM using flavor-SU(3) symmetry:

P ′
EW =

3

4

c9 + c10
c1 + c2

R(T ′ + C ′)+
3

4

c9 − c10
c1 − c2

R(T ′ − C ′) ,

P ′C
EW =

3

4

c9 + c10
c1 + c2

R(T ′ + C ′)− 3

4

c9 − c10
c1 − c2

R(T ′ − C ′) , (155)

where the ci are Wilson coefficients (WC) [146] and R ≡ |(V ∗
tbVts)/(V

∗
ubVus)| = 45.8 [52].

Following Eq. (155), P ′
EW receives a relatively large contribution from T ′ but a much

smaller contribution from C ′. In contrast, P ′C
EW receives a relatively large contribution

from C ′ and a much smaller T ′ contribution. In this sense, P ′
EW and T ′ are of roughly

similar size, and so are P ′C
EW and C ′.

6.2 B → πK puzzle simplified

Keeping the leading-order diagrams in Eq. (151), the B → πK amplitudes become

A+0 = −P ′
tc ,

√
2A0+ = −T ′eiγ + P ′

tc − P ′
EW ,

A−+ = −T ′eiγ + P ′
tc ,

√
2A00 = −P ′

tc − P ′
EW . (156)

Consider, now, the direct CP asymmetries of B+ → π0K+ and B0 → π−K+. A

direct CP asymmetry is generated by the interference of two amplitudes with nonzero

relative weak and strong phases. In A−+, T ′-P ′
tc interference leads to a direct CP

asymmetry. Note that P ′
EW and P ′

tc have the same weak phase (= 0). As discussed

earlier, P ′
EW ∝ T ′ once we neglect C ′ (see Eq. 155). Therefore, if we assume that

P ′
EW and T ′ have a similar strong phase, the contribution to direct CP-asymmetry in

A0+ can be assumed to be originated from the interference of T ′-P ′
tc. This means, to

leading order in |T ′|/|P ′
tc|, we expect ACP (B

+ → π0K+) = ACP (B
0 → π−K+).

The latest B → πK measurements are shown in Table 29. Not only are
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Decay BR(×10−6) [147] ACP SCP [147]
B+ → π+K0 23.79± 0.75 −0.017± 0.016 [52]
B+ → π0K+ 12.94± 0.52 0.025± 0.016 [148]
B0

d → π−K+ 19.57± 0.53 −0.084± 0.004 [149]
B0

d → π0K0 9.93± 0.49 −0.01± 0.10 [147] 0.57± 0.17

Table 29: CP-averaged branching ratios, direct CP asymmetries ACP ≡ [BR(B̄ →
F̄ )−BR(B → F )]/[BR(B̄ → F̄ )+BR(B → F )] (with final states F , F̄ ), and mixing-
induced CP asymmetry SCP (if applicable) for the four B → πK decay modes.

ACP (B
+ → π0K+) and ACP (B

0 → π−K+) not equal, they are of opposite sign!

Experimentally, (∆ACP )exp = A0+
CP − A−+

CP = (10.8 ± 1.6)% which differs from 0 by

6.5σ. 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 → πK 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

La =
1

2
(∂µa)

2 − 1

2
m2

aa
2 − i

∑
f=d,l

ξf
mf

f
f̄γ5fa

− i
∑
f=u

ηf
mf

f
f̄γ5fa−

1

4
κaFµνF̃

µν , (157)

where f is the ALP decay constant, and the dual electromagnetic field tensor is F̃ µν =

1
2
ϵµναβFαβ. The last term of Eq. (194) reproduces the anomalous π0γγ coupling if a

and κ are replaced by π0 and gπγγ =
√
2α

πfπ
∼ 2.5× 10−2 GeV−1 (with the neutral pion

decay constant fπ = 130 MeV), respectively.

We assume the ALP has properties that are desirable to solve the B → πK

puzzle. We take a to have a mass close to the π0 mass and require it to promptly

decay to the γγ final state via its mixing with the π0. The decay a → γγ can occur
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through a direct coupling to photons or through mixing with a π0 and so its effective

coupling is

gaγγ = κ+ sin θgπγγ , (158)

where sin θ is the a − π0 mixing angle. The ALP width is then Γa = g2aγγm
3
a/(64π),

which reduces to the π0 width for κ = 0 and sin θ = 1. Assuming κ ≪ sin θgπγγ,

Γa ∼ sin2 θΓπ0 . Since we will be interested in sin θ ∼ 0.1 for ma ∼ mπ0 [154], we have

Γa ∼ 10−2Γπ0 ≪ ma. Constraints on the aγγ coupling with the ALP mass near the π0

mass have been obtained from collider and astrophysical observations [155, 156, 157,

158, 159]. Our choice for the aγγ coupling is consistent with existing constraints. Note

that our gaγγ is unrelated to a tree-level Zaγ coupling that arises in models in which

the ALP couples to the W and Z bosons. One-loop contributions to the Zaγ coupling

from charged fermion loops are at least three orders of magnitude smaller than the

fermion couplings [160]. For ηu, ξd ∼ 0.01 and ξe,µ ∼ 0.1, our model is unconstrained

by the Z → π0γ branching fraction [160, 161].

In our model, the ALP contributes to B → πK 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,

Lbsa(µEW ) = gbs(µEW )s̄PRb a , with

gbs(µEW ) = i
ηt(Λ)mb

f

√
2GFm

2
tV

∗
tsVtb

16π2
ln

Λ2

m2
t

, (159)

where Λ = 4πf is the scale of new physics. We ignore the running of the WC to the

scale µ ∼ mb where we do our phenomenology. This is justified in our analysis as

the renormalization-group corrections are suppressed by α [163] and so gbs(µEW ) ≈

gbs(mb). Including the loop term, the onshell (b → sa) and offshell contributions
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(b→ sa→ b→ sq̄q), where q = u, d, are given by

Lonshell = gbs(µ = mb) [s̄PRb] a = [Jb→s] a ,

Loffshell = [Jb→s]

[
ξd

md

f
d̄γ5d+ ηu

mu

f
ūγ5u

]
m2

π0 −m2
a + imaΓa

. (160)

6.4 New Physics B → πK fit

To calculate the axion contributions to the B → πK decays we can calculate an onshell

and an offshell contribution. In the onshell case we assume there is mixing between

the a and the π0 and so we can define a transformation between the gauge and the

mass states as

|a⟩ = cos θ |aphy⟩+ sin θ
∣∣π0

phy

〉
,∣∣π0

〉
= − sin θ |aphy⟩+ cos θ

∣∣π0
phy

〉
. (161)

The onshell and offshell contributions to the ALP amplitude for B → Ka→ Kπ0 give

A = Aonshell +Aoffshell , where (162)

Aonshell = ⟨K| Jb→s |B⟩ ⟨a
∣∣π0

phy

〉
= ⟨K| Jb→s |B⟩ sin θ ,

Aoffshell =
m2

π0 ⟨K| Jb→s |B⟩
m2

π0 −m2
a + imaΓa

[
ηufπ

2
√
2f

− ξdfπ

2
√
2f

]
.

Here,

⟨K| Jb→s |B⟩ = gbs ⟨K| s̄PRb |B⟩ , (163)

⟨K| s̄PRb |B⟩ = f+(m
2
K)

m2
B −m2

K

2(mb −ms)

+ f−(m
2
K)

m2
K

2(mb −ms)
, (164)

⟨K| s̄γµb |B⟩ = f+(q
2)(pµB + pµK)

+ f−(q
2)(pµB − pµK) . (165)
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We use the naive-factorization relations to calculate the offshell effect:

〈
π0
∣∣ d̄γ5d |0⟩ = −

fπm
2
π0

2
√
2md

,

〈
π0
∣∣ ūγ5u |0⟩ =

fπm
2
π0

2
√
2mu

,

∣∣π0
〉

=

∣∣d̄d〉− |ūu⟩
√
2

. (166)

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

angle,

sin θ → sin θ +
m2

π0

m2
π0 −m2

a

ηu − ξd

2
√
2

fπ
f
. (167)

where we have assumed Γa ≪ |mπ0 −ma|. The term proportional to m2
π0 is the same

as the a − π0 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 m2
a is included in the onshell contribution to sin θ, i.e, in the first

term on the right-hand-side of Eq. (198). If f = 1 TeV and sin θ ∼ 0.1 with the mixing

arising primarily from the second term, then |ηu−ξd| ≃ 0.01 gives |mπ0−ma| ∼ 1 keV.

Detecting an ALP so close in mass to the π0 will pose a challenge for B factories which

have a π0 mass resolution of a few MeV [167].

With the ALP NP contribution added, we have for the B → πK decays,

A+0 = −P ′
tc − P ′

uce
iγ − 1

3
P ′C
EW , (168)

√
2A0+ = −T ′eiγ − C ′eiγ + P ′

tc − P ′
uce

iγ − P ′
EW − 2

3
P ′C
EW +A , (169)

A−+ = −T ′eiγ + P ′
tc − P ′

uce
iγ − 2

3
P ′C
EW , (170)

√
2A00 = −C ′eiγ − P ′

tc + P ′
uce

iγ − P ′
EW − 1

3
P ′C
EW +A , (171)

which satisfy Eq. (192). We simplify our fit by setting P ′
uc = 0 and taking the QCD-
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Parameter |C ′|/|T ′| = 0.2
χ2/dof 3.64/3
p-value 30%
|T ′| 6.4± 1.5
|P ′

tc| 50.30± 0.47
|A| 6.4± 3.4
δC′ 186± 54
δPtc′ −18.1± 5

Table 30: A fit of the SM amplitudes T ′ and P ′
tc, the relative phase of C

′, and the NP
amplitude A with a fixed phase of π/2. The 8 measurements fit are the 4 branching
ratios, ACP (−+), ACP (0+), ACP (00), and SCP (00); we do not fit ACP (+0) 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. (155).

factorization inspired value for the ratio |C ′|/|T ′| = 0.2 [168]. Typically to solve the

puzzle we need |A| ∼ P ′
EW ∼ T ′. Notice that T ′ 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 χ2/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 (+0), in the SM we obtain χ2/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 30. Any additional

constraints on the system yield central values that differ by just a few percent.

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

the masses taken from [52], the form factors from [169], and taking f = 1 TeV, we find

|A| = iηt(Λ) sin θ
[
5.71× 10−6 GeV

]
. (172)

Using the value for |A| obtained from the fit, we have

ηt(Λ) sin θ = (1.12± 0.60)× 10−3 . (173)
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We now extract just the sin θ term. The coupling ηt(Λ) is unknown and cannot

be properly extracted using this method. Note that if we just consider the branching

ratio B → Ka we have

BR(B → Ka) =
pKτB
8πm2

B

|A|2

sin2 θ
. (174)

Using |A| obtained from the fit and branching ratio values 10−5 and 2× 10−5,

we find

sin θ = 0.188± 0.029 , (175)

sin θ = 0.133± 0.021 , (176)

respectively. Note that a careful search of the decays B → Kπ0 around the π0 mass

may be able to observe the ALP as a diphoton resonance. We determine the value of

ηt(Λ) by using the value of sin θ = 0.133± 0.021:

ηt(Λ) = (8.4± 4.7)× 10−3 . (177)

6.5 K → πa amplitude

We first consider the amplitude of K+ → π+a. This can come from π0 − a mixing,

so that K+ → π+π0 → π+a. 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 ξd,s, and ηu. Hence BR[K+ → π+a] ∼ sin2 θBR[K+ → π+π0] and

this decay will be swamped by the K+ → π+π0 decay. This is also the FCNC s → d

transition that arises from a penguin loop (see for example Ref. [170]) that contributes

to K+ → π+a,K0
L → π0a and K0

S → π0a. Using ηt(Λ) = (8.4± 4.7)× 10−3, we obtain
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the branching ratios in the penguin generated K → πa decays:

BR(K+ → π+a) = (4.2± 3.3)× 10−8 , (178)

BR(K0
L → π0a) = (1.8± 1.4)× 10−7 , (179)

BR(K0
S → π0a) = (5.5± 4.3)× 10−11 . (180)

Other constraints from the B and the K system are discussed in Ref. [171] 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 → Kπ system. In our model

the ALP enters a meson decay process only via a one-loop penguin diagram when the

final state has a π0. Based on the CKM matrix elements that enter in the amplitude,

D-meson decays can be broadly categorized into Cabibbo-favored [∝ V ∗
csVud], single-

Cabibbo-suppressed (SCS) [∝ V ∗
cdVud or ∝ V ∗

csVus], and doubly-Cabibbo-suppressed

[∝ V ∗
cdVus]. Of these, a penguin diagram can only appear in the SCSD decays, and only

three of these involve a π0 in the final state (D0 → π0π0, D+ → π+π0, D+
s → K+π0).

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 AD.

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

84



have a c→ u transition:

AD = gcu ⟨P |Jc→u|D⟩
〈
a|π0

phy

〉
, (181)

gcu =
ξb(Λ)mc

f

√
2GFm

2
bV

∗
cbVub

16π2
ln

Λ2

m2
b

= ξb(Λ)e
−iγ

[
5.81× 10−12GeV

]
, (182)

⟨P |Jc→u|D⟩ = fD→P
+ (m2

P )
m2

D −m2
P

2(mc −mu)
− fD→P

− (m2
P )

m2
P

2(mc −mu)
, (183)

where

⟨π|Jc→u|D⟩ = 6.52 GeV , (184)

⟨K|Jc→u|D⟩ = 6.43 GeV , (185)

⟨K|Jc→u|Ds⟩ = 6.26 GeV . (186)

The phase γ arises from the CKM matrix element Vub. Now, with the value of sin θ

obtained from the B decays, assuming ξb(Λ) < ηt(Λ), and f = 1 TeV, we find that the

ALP contribution to the D decays,

|AD| < 5× 10−14 GeV . (187)

This amplitude is several orders of magnitude smaller than the typical SM contribution

in SCS decays, which are of the order of 10−7 GeV [13]. We, therefore, conclude that

the ALP contribution does not significantly affect D → Kπ branching ratios. In Table

31 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| (×10−7 GeV) Expt. ACP

D0 → π0π0 3.54± 0.05 0± 0.6
D+ → π+π0 2.738± 0.006 2.4± 1.2
D+

s → K+π0 1.9± 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,

AD→Kπ = |aSM|eiδeiϕ + i|AD| , (188)

where aSM is the magnitude of the SM part of the decay amplitude, δ is the relative

strong phase, and ϕ is the relative weak phase between the SM part and the ALP

contribution. This leads to the direct-CP asymmetry,

ACP =
2x sin δ cosϕ

1 + x2 + 2x cos δ sinϕ
, (189)

where x = |AD|/|aSM | ≲ 10−7. Clearly, a nonzero CP asymmetry can appear even if

the SM term has a small weak phase. This property is due to the i in the coefficient

of the ALP term in Eq. (188) which changes sign under CP conjugation. Also, since

x ≲ 10−7, the ALP’s contribution to ACP in D-decays is several orders of magnitude

below the current sensitivity of flavor experiments.

6.7 (g − 2)µ,e anomalies

Our scenario can be easily extended to explain the anomalies in the anomalous mag-

netic moments aℓ = (g − 2)ℓ/2 of the muon and electron. We consider the 4.2σ aµ

anomaly from a combination of the BNL and Muon g-2 experiments [172] with

∆aµ = aexpµ − aSMµ = (251± 59)× 10−11 . (190)

There are two values of ae which are inferred from measurements of the fine structure

constant, and that are inconsistent with each other. The ae value obtained from

Laboratoire Kastler Brossel [173] and Berkeley [174] measurements of the fine-structure
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constant yield [175, 176, 177]

∆aLKB
e = aexpe − aLKB

e = (4.8± 3.0)× 10−13 ,

∆aBe = aexpe − aBe = (−8.8± 3.6)× 10−13 . (191)

Under our assumption that κ ≪ sin θ gπγγ, the couplings of the ALP to the

muon and electron must be ξµmµ/f ∼ 10−5 and ξeme/f ∼ 10−7 for ∆aLKB
e [178] so

the loop-induced Zaγ coupling remains small. The values of ξµmµ/f ∼ 10−5 and

ξeme/f ∼ −10−6 for ∆aBe give a too large Zaγ coupling.

6.8 Summary

In perhaps a first analysis with ALPs in hadronic B decays, we have proposed a new

solution to the B → πK puzzle with an ALP with mass close to the π0 mass. Our

solution preserves the isospin relation in Eq. (192), 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 → Kπ0

around the π0 mass may reveal the ALP.
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7 Exploring an ALP near the π0 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 [179] we pointed out that an ALP with

a mass close to the π0 mass could be responsible for the well known B → πK puzzle

while also accounting for the latest electron and muon g − 2 results.

The B → πK anomaly is in the CP violation measurements in the set of

the four B → πK decays, B+ → π+K0 (designated as +0 below), B+ → π0K+

(0+), B0 → π−K+ (−+), and B0 → π0K0 (00), that are related by a single isospin

relationship,
√
2A00 + A−+ =

√
2A0+ + A+0 . (192)

The inconsistencies in the B → πK CP violating measurements has been called the

“B → πK 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, 116, 117, 118, 180]. One can understand the gist of the B → πK puzzle via a

Decay BR(×10−6) ACP SCP

B+ → π+K0 23.79± 0.75 −0.017± 0.016
B+ → π0K+ 12.94± 0.52 0.025± 0.016
B0

d → π−K+ 19.57± 0.53 −0.084± 0.004
B0

d → π0K0 9.93± 0.49 −0.01± 0.10 0.57± 0.17

Table 32: CP-averaged branching ratios, direct CP asymmetries ACP ≡ [BR(B̄ →
F̄ )−BR(B → F )]/[BR(B̄ → F̄ )+BR(B → F )] (with final states F , F̄ ), and mixing-
induced CP asymmetry SCP (if applicable) for the four B → πK decay modes.

simple examination of the decay amplitudes. Keeping the leading-order diagrams, the
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B → πK amplitudes become

A+0 = −P ′
tc ,

√
2A0+ = −T ′eiγ + P ′

tc − P ′
EW ,

A−+ = −T ′eiγ + P ′
tc ,

√
2A00 = −P ′

tc − P ′
EW . (193)

where the various amplitudes are defined in Ref. [115]. The direct CP asymmetry

in B0 → π−K+ is easily understood as due to the T ′-P ′
tc 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

B+ → π0K+ where the T ′-P ′
tc interference leads to a direct CP asymmetry. Note that

P ′
EW and P ′

tc have the same weak phase (= 0) and P ′
EW ∝ T ′ once we neglect C ′, the

color suppressed amplitude, which implies P ′
EW and T ’have the same strong phase.

In other words, P ′
EW − P ′

tc and P
′
EW − T ′ interferences do not produce any direct CP

asymmetry in B+ → π0K+ and we expect ACP (B
+ → π0K+) = ACP (B

0 → π−K+).

This is clearly not reflected in in Table 32 as not only are ACP (B
+ → π0K+) and

ACP (B
0 → π−K+) not equal, they are of opposite sign! Experimentally, (∆ACP )exp =

A0+
CP − A−+

CP = (10.8± 1.6)% which differs from 0 by 6.5σ.

In Ref. [179] it was proposed that the amplitude B+ → π0K+ receives a new

contribution through B+ → aK+ with the ALP a mixing with the π0 thus solving the

B → πK puzzle. To briefly review the solution, we start with the ALP Lagrangian,

La =
1

2
(∂µa)

2 − 1

2
m2

aa
2 − i

∑
f=d,l

ξf
mf

f
f̄γ5fa

− i
∑
f=u

ηf
mf

f
f̄γ5fa−

1

4
κaFµνF̃

µν , (194)

where f is the ALP decay constant, and the dual electromagnetic field tensor is F̃ µν =
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1
2
ϵµναβFαβ. The ALP generates theB+ → aK+ decay 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,

Lbsa(µEW ) = gbs(µEW )s̄PRb a , with

gbs(µEW ) = i
ηt(Λ)mb

f

√
2GFm

2
tV

∗
tsVtb

16π2
ln

Λ2

m2
t

, (195)

where Λ = 4πf is the scale of new physics. In passing we note that the Bd → π0π+

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 π0 mass then it will be easier to detect it in the B → π0K+ decay.

Expressing with the a− π0 mixing as

|a⟩ = cos θ |aphy⟩+ sin θ
∣∣π0

phy

〉
,∣∣π0

〉
= − sin θ |aphy⟩+ cos θ

∣∣π0
phy

〉
, (196)

the onshell and offshell contributions to the ALP amplitude for B → Ka → Kπ0 is

written as

A = Aonshell +Aoffshell , where (197)

Aonshell = ⟨K| Jb→s |B⟩ ⟨a
∣∣π0

phy

〉
= ⟨K| Jb→s |B⟩ sin θ ,

Aoffshell =
m2

π0 ⟨K| Jb→s |B⟩
m2

π0 −m2
a + imaΓa

[
ηufπ

2
√
2f

− ξdfπ

2
√
2f

]
.

The details of the various terms can be found in Ref. [179] and the offshell contribution

can be absorbed in an effective mixing angle,

sin θ → sin θ +
m2

π0

m2
π0 −m2

a

ηu − ξd

2
√
2

fπ
f
. (198)
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where we have assumed Γa ≪ |mπ0 −ma|. The term proportional to m2
π0 is the same

as the a − π0 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 m2
a is included in the onshell contribution to sin θ 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

Lmix = m2
ππ

2 +m2
aa

2 + 2δ2aπ. (199)

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

down quark [181]. The Lagrangian is

LNP = igDaDLDR + YddLHDR + µDLdR +MDDLDR

+ h.c. (200)

After electroweak symmetry breaking with ⟨H⟩ = v we get md ∼ Ydvµ
MD

[181]. The

a− π0 mixing in this framework can be written schematically as,

δ2 ∼ ⟨π0
∣∣d̄d〉 ⟨d̄d ∣∣D̄D〉

⟨D̄D |a⟩

∼ gDgπYdvµ = gDgπmdMD, (201)

where we write the pion quark coupling as igπψ̄qγ5τ⃗ · π⃗ψq ( See for example Ref. [182]).

For values mπ = 0.135 GeV, ma = 0.131 GeV and sin θ ∼ 0.1 we find δ ∼ 10−2 GeV

and therefore with md ∼ 10−2 GeV we get gDgπ ∼ 10−2 GeV
MD

.

In this paper we explore the experimental signature of the ALP near the π0

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 Bd → π0K+ 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 Bd → π0K+

The three-body decay process B → Kγγ proceed through the intermediate states

B → Kπ0 and the π0 decays to two photons. Assuming that the π0 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,

AB→Kγγ(sγγ, s) = aNRFNR + aπ0Fπ0(sγγ) + aAFA(sγγ) , (202)

where sγγ = (k1+k2)
2 is the invariant mass of the diphoton. FX , whereX = NR, π0,A,

are the dynamical amplitude for the B → Kγγ 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 → Kγγ)NR , (203)

Fπ0(sγγ) =
1(

m2
π0 − sγγ

)
− ımπ0Γπ0

, (204)

FA(sγγ) =
1

(m2
A − sγγ)− ımAΓA

, (205)

where ΓX is the mass-dependent width of the intermediate particle, X = π0, 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

sγγ = (k1 + k2)
2 = 2k1 · k2 ,

= m2
B +m2

K − s1 − s2 . (206)

The parameters s1 and s2 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 sg ≥ sl. On

a Dalitz plot for B → Kγγ, sg = sl is defined by the line

y(x) = (m2
B +m2

K − x)/2 , (207)

where x represents sγγ and y represents sg. This gives the differential decay

width as

d2Γ

dsγγdsl
=

1

(2π)3
1

32m3
B

|AB→Kγγ|2 . (208)

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

diphoton mass we integrate out the sl dependence and find

dΓ

dsγγ
=
E2

√
E2

1 −m2
1

128π3m3
B

∣∣AB→K(π0→)γγ +AB→(Ka→)γγ

∣∣2 +NR , (209)

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

interferences with the non-resonant amplitude, and

E2 =

√
sγγ

2
, (210)

E1 =
m2

B −m2
K − sγγ

2
√
sγγ

. (211)

Furthermore, in this case, we have that m1 = 0 and the decay rate simplifies to

dΓ

dsγγ
=
β (m2

B,m
2
K , sγγ)

512π3m3
B

∣∣AB→K(π0→)γγ +AB→(Ka→)γγ

∣∣2 +NR , (212)

where β(a, b, c) = a2 + b2 + c2 − 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. 212, the assumption that the

amplitudes B → Kπ0 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 mπ−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

G(x,E) =
1

w(x)
√
2π

∫ xmax

xmin

dx e
− (x−E)2

2w(x)2 , (213)

where w(x) is the energy-dependent resolution of the detector (in the present case we

use the resolution of the Belle II detector [184]), and E is the measured energy. This

gives us a smeared decay rate of

Γsmear =

∫ xmax

xmin

dx

∫ ymax

0

dy 2y
β (m2

B,m
2
K , y

2)

512π3m3
B

1

w(x)
√
2π

× e
− (x−y)2

2w(x)2
∣∣AB→K(π0→)γγ +AB→(Ka→)γγ

∣∣2 +NR , (214)

where y =
√
sγγ, and ymax = mB −mK . We will perform this smearing for each value

of x in the full range of sγγ 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 ∆m 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

94



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. 14.

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 χ2 value. We begin to compare the fits by calculating the χ2 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.

χ2 =
N∑
i=1

[
Oi − f(xi)

∆O

]2
, (215)

where O is the actual number of events in bin i, and f(xi) is the value of the fitted

gaussian at the bin center, xi. This gives us a measure of how well the fitted curve fits

the available data.

The reduced χ2 is simply the χ2 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

π0 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 π0. For masses closer to the π0 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 χ2 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 χ2 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 34

7.2 ALP in DUNE near detector

The Deep Underground Neutrino Experiment (DUNE) Near Detector [185] presents

an opportunity to possibly detect these ALPs [186, 187]. 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 π0 (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 2γ 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 PYTHIA8 [188] with the “SoftQCD:all=on” option. We simulate 109 protons-on-

target and extract all of the π0 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→ γγ 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

Pdet = e−
Ldet

cτaγaβa − e−
Ldet+d

cτaγaβa , (216)

where Ldet is the distance from the interaction point to the detector, d is the length of

the detector, and τ, γ, β are the lifetime, boost, and velocity of the ALP, respectively.

For a value of cτ = 1m ≪ ddet, we obtain distributions as shown in Fig. 15.

For a value of cτ = 10000m ≫ ddet, 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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Figure 15: Diphoton energy and opening angle distributions (cτ = 1 m) at the Dune
Near Detector facility for an ALP mass of 200 MeV.

Figure 16: Diphoton energy and opening angle distributions (cτ = 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 [189]

proposed at the LHC.

100



8 Summary

In this work I have proposed several solutions to various anomalies within the Standard

Model. The B → πK puzzle has been solved in two different ways, using a diquark

and an ALP. The b → sµµ 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)µ,e

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

ψc = Cψ
T

ψ
c

= (ψc)†γ0 = −ψTC−1

(γµ)T = −C−1γµC

C−1 = C† (217)

H = Y ij
d d

c

iαPRdjβS
αβ

H† = Y ij∗
d d†jβPR(−dTiαC−1)†S∗αβ

= −Y ij∗
d djβPL(γ

0Cd∗iα)S
∗αβ

(218)

Integrating out diquark

Heff = −Y 13
d d

c

αPRbβS
αβ ⊗ Y 12∗

d s†βPR(−dTαC−1)†S∗αβ

= −Y
13
d Y 12∗

d

m2
S

d
c

αPRbβsβPL(γ
0Cd∗α)

=
Y 13
d Y 12∗

d

2m2
S

d
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αγ
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=
Y 13
d Y 12∗

d

2m2
S
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[
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0Cd∗α)
]

= −Y
13
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2m2
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dTαγ

µTP T
L (γ

0Td∗α)
]

= −Y
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d Y 12∗

d

2m2
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[
d†αγ

0PLγ
µdα

]T
=

Y 13
d Y 12∗

d

2m2
S

sβγµPRbβdαγ
µPRdα (219)

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

words S12 can contract with S12 and S21.
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