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I. INTRODUCTION

Flavor-changing neutral current (FCNC) interactions serve as a powerful probe of physics

beyond the standard model (BSM). Since no operators generate FCNCs in the standard

model (SM) at tree level, new physics (NP) degrees of freedom can e↵ectively compete with

the SM particles running in the loop graphs, making their discovery possible. This is, of

course, only true provided the BSM models include flavor-violating interactions.

The observation of charged lepton flavor violating (CLFV) transitions would provide

especially clean probes of new physics. This is because in the standard model with massive

neutrinos the CLFV transitions are suppressed by the powers of m2
⌫/m

2
W , which renders

the predictions for their transition rates vanishingly small, e.g. B(µ ! e�)⌫SM ⇠ 10�54. A

variety of well-established models on new physics predict significantly larger rates for CLFV

transitions [1].

Any new physics scenario which involves lepton flavor violating interactions can be

matched to an e↵ective Lagrangian, Le↵ , whose Wilson coe�cients would be determined

by the ultraviolet (UV) physics that becomes active at some scale ⇤. Below the electroweak

symmetry breaking scale, this Lagrangian must be invariant under unbroken SU(3)c⇥U(1)em

groups. The e↵ective operators would reflect degrees of freedom relevant at the scale at which

a given process takes place. If we assume that no new light particles (such as “dark photons”

or axions) exist in the low energy spectrum, those operators would be written entirely in

terms of the SM degrees of freedom such as leptons: `i = ⌧, µ, and e; and quarks: b, c, s, u,

and d. We shall not consider neutrinos in this paper. We also assume that top quarks have

been integrated out.

The e↵ective Lagrangian, Le↵ , can then be divided into the dipole part, LD; and a part

that involves four-fermion interactions, L`q.

Le↵ = LD + L`q + ... (1)

Here the ellipses denote e↵ective operators that are not relevant for the following analysis.

The dipole part in Eq. (1) is usually written as [2]

LD = �m2

⇤2

⇥�

C`1`2
DR `1�

µ⌫PL`2 + C`1`2
DL `1�

µ⌫PR`2
�

Fµ⌫ + h.c.
⇤

, (2)

where PR,L = (1±�5)/2 is the right (left) chiral projection operator. The Wilson coe�cients

would, in general, be di↵erent for di↵erent leptons `i.
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LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

ℓ1(p1)

ℓ2(p2)

γ(k)

Dipole Lagrangian 
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ḠR
`1PL`2 + C`1`2

ḠL
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+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

ℓ1(p1)

ℓ2(p2)

γ(k)

Dipole Lagrangian 

m2 = mass of heavier lepton 
Λ = scale of new physics 
PR(L) = (1±γ5)/2 

Dipole Wilson coefficients 
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I. INTRODUCTION

Flavor-changing neutral current (FCNC) interactions serve as a powerful probe of physics

beyond the standard model (BSM). Since no operators generate FCNCs in the standard

model (SM) at tree level, new physics (NP) degrees of freedom can e↵ectively compete with

the SM particles running in the loop graphs, making their discovery possible. This is, of

course, only true provided the BSM models include flavor-violating interactions.

The observation of charged lepton flavor violating (CLFV) transitions would provide

especially clean probes of new physics. This is because in the standard model with massive

neutrinos the CLFV transitions are suppressed by the powers of m2
⌫/m

2
W , which renders

the predictions for their transition rates vanishingly small, e.g. B(µ ! e�)⌫SM ⇠ 10�54. A

variety of well-established models on new physics predict significantly larger rates for CLFV

transitions [1].

Any new physics scenario which involves lepton flavor violating interactions can be

matched to an e↵ective Lagrangian, Le↵ , whose Wilson coe�cients would be determined

by the ultraviolet (UV) physics that becomes active at some scale ⇤. Below the electroweak

symmetry breaking scale, this Lagrangian must be invariant under unbroken SU(3)c⇥U(1)em

groups. The e↵ective operators would reflect degrees of freedom relevant at the scale at which

a given process takes place. If we assume that no new light particles (such as “dark photons”

or axions) exist in the low energy spectrum, those operators would be written entirely in

terms of the SM degrees of freedom such as leptons: `i = ⌧, µ, and e; and quarks: b, c, s, u,

and d. We shall not consider neutrinos in this paper. We also assume that top quarks have

been integrated out.

The e↵ective Lagrangian, Le↵ , can then be divided into the dipole part, LD; and a part

that involves four-fermion interactions, L`q.

Le↵ = LD + L`q + ... (1)

Here the ellipses denote e↵ective operators that are not relevant for the following analysis.

The dipole part in Eq. (1) is usually written as [2]

LD = �m2

⇤2

⇥�

C`1`2
DR `1�

µ⌫PL`2 + C`1`2
DL `1�

µ⌫PR`2
�

Fµ⌫ + h.c.
⇤

, (2)

where PR,L = (1±�5)/2 is the right (left) chiral projection operator. The Wilson coe�cients

would, in general, be di↵erent for di↵erent leptons `i.
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The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select

3



* 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select

3
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The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select

3
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The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select

3
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* 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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* 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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* 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].
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GFp
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X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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* 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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SM Dipole Penguin Lagrangian 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣
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SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣
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PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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SM Dipole Penguin Lagrangian 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2
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h ⇣
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µPR`2 + Cq1q2`1`2
V L `1�
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⌘
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+
⇣

Cq1q2`1`2
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⌘
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⇣

Cq1q2`1`2
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SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘
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+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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SM Dipole Penguin Lagrangian 

The four-fermion dimension-six lepton-quark Lagrangian takes the form:

L`q = � 1

⇤2

X

q1,q2

h ⇣

Cq1q2`1`2
V R `1�

µPR`2 + Cq1q2`1`2
V L `1�

µPL`2

⌘

q1�µq2

+
⇣

Cq1q2`1`2
AR `1�

µPR`2 + Cq1q2`1`2
AL `1�

µPL`2

⌘

q1�µ�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
SR `1PL`2 + Cq1q2`1`2

SL `1PR`2

⌘

q1q2 (3)

+ m2mq2GF

⇣

Cq1q2`1`2
PR `1PL`2 + Cq1q2`1`2

PL `1PR`2

⌘

q1�5q2

+ m2mq2GF

⇣

Cq1q2`1`2
TR `1�

µ⌫PL`2 + Cq1q2`1`2
TL `1�

µ⌫PR`2

⌘

q1�µ⌫q2 + h.c.
i

.

We note that the tensor operators are often omitted when constraints on the Wilson co-

e�cients in Eq. (3) are derived (see, e.g. [2]). We would like to point out that those are

no less motivated than others in Eq. (3). For example, they would be induced from Fierz

rearrangement of operators of the type Q ⇠ (q1`2)
�

`1q2
�

that often appear in leptoquark

models.

The experimental constraints on the Wilson coe�cients of e↵ective operators in Le↵ could

be obtained from a variety of LFV decays (see e.g. [1] for a review). Deriving constraints

on those Wilson coe�cients usually involves an assumption that only one of the e↵ective

operators dominates the result. This is not necessarily so in many particular UV comple-

tions of the LFV EFTs, so certain cancellations among contributions of various operators

are possible. Nevertheless, single operator dominance is a useful theoretical assumption in

placing constraints on the parameters of Le↵ .

The radiative decays of B, D, and K mesons also involve quark flavor mixing via the

dipole penguin operator, Lpeng, in Eqn. 4. Here �q = Vqq2V
⇤
qq1

denotes the appropriate

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, C7� is the photonic dipole operator

WC, and mq2 is the mass of the heavier quark. The ellipses denote the dipole operators not

relevant to our current calculation [29].

Lpeng =
GFp

2

X

q

�qC7�

p
⇡↵

⇡2
mq2q1�µ⌫ (1 � �5) F µ⌫q2 + h.c. + ... (4)

In this paper we are going to argue that most of the Wilson coe�cients of the e↵ective

Lagrangian in Eq. (1) for di↵erent `i and qi could be determined from experimental data

on B0,D0, and K0 decays. In particular, we consider two- and three-body decays. We

will note that restricted kinematics of the two-body transitions would allow us to select
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General Amplitude 

TABLE III: Constraints on the Wilson coe�cients from pseudoscalar meson decays. Center dots

signify that no experimental data are available to produce a constraint; “FPS” means that the

transition is forbidden by phase space.

Leptons Initial state

Wilson coe�cient `1`2 B0
d

�

db̄
�

B0
s

�

sb̄
�

D0 (cū) K0
L

⇣

ds̄�sd̄p
2

⌘

�

�

�

Cq1q2`1`2
AL /⇤2

�

�

�

µ⌧ 2.3⇥ 10�8 ... FPS FPS

e⌧ 2.6⇥ 10�8 ... ... FPS

eµ 3.9⇥ 10�9 6.3⇥ 10�9 1.1⇥ 10�7 5.0⇥ 10�12

�

�

�

Cq1q2`1`2
AR /⇤2

�
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amplitude due to the presence of the photon in the final state.
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D0 (cū) K0
L

⇣

ds̄�sd̄p
2

⌘

�

�

�

Cq1q2`1`2
AL /⇤2

�

�

�

µ⌧ 2.3⇥ 10�8 ... FPS FPS

e⌧ 2.6⇥ 10�8 ... ... FPS

eµ 3.9⇥ 10�9 6.3⇥ 10�9 1.1⇥ 10�7 5.0⇥ 10�12

�

�

�

Cq1q2`1`2
AR /⇤2

�

�

�

µ⌧ 2.3⇥ 10�8 ... FPS FPS

e⌧ 2.6⇥ 10�8 ... ... FPS

eµ 3.9⇥ 10�9 6.3⇥ 10�9 1.1⇥ 10�7 5.0⇥ 10�12

�

�

�

Cq1q2`1`2
PL /⇤2

�

�

�

µ⌧ 7.1⇥ 10�5 ... FPS FPS

e⌧ 8.0⇥ 10�5 ... ... FPS

eµ 1.2⇥ 10�5 1.9⇥ 10�5 2.7⇥ 10�3 1.7⇥ 10�6

�

�

�

Cq1q2`1`2
PR /⇤2

�

�

�

µ⌧ 7.1⇥ 10�5 ... FPS FPS

e⌧ 8.0⇥ 10�5 ... ... FPS

eµ 1.2⇥ 10�5 1.9⇥ 10�5 2.7⇥ 10�3 1.7⇥ 10�6

III. RADIATIVE PSEUDOSCALAR DECAYS P ! `1`2�

Adding a photon to the final state allows one to probe Wilson coe�cients that are not eas-

ily reachable by two-body decays. It, however, complicated the calculation of the transition

amplitude due to the presence of the photon in the final state.

A. Amplitude

The most general expression for the P (p) ! �(k)`1(p1)`2(p2) decay amplitude can be

obtained using the Bardeen-Tung formalism [13]. The decay amplitude can be written as

A(P (p) ! �(k)`1(p1)`2(p2)) = u(p1, s1) Mµ(p, k, q) v(p2, s2) ✏⇤µ(k), (9)

6

Derek E. Hazard 9 

Method*	

•  p = meson momentum
•  k = photon momentum
•  p1, p2 = momentum of leptons l1 and l2	
•  q = ½ (p1-p2)

*W. A. Bardeen and W. K. Tung, Phys. Rev. 173, 1423 (1968)  



General Amplitude 

TABLE III: Constraints on the Wilson coe�cients from pseudoscalar meson decays. Center dots

signify that no experimental data are available to produce a constraint; “FPS” means that the

transition is forbidden by phase space.

Leptons Initial state

Wilson coe�cient `1`2 B0
d

�

db̄
�

B0
s

�

sb̄
�

D0 (cū) K0
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•  p = meson momentum
•  k = photon momentum
•  p1, p2 = momentum of leptons l1 and l2	
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*W. A. Bardeen and W. K. Tung, Phys. Rev. 173, 1423 (1968)  

where we introduced the momentum q = 1
2 (p1 � p2), and denoted the polarization vector

of the photon by ✏⇤µ(k). Now, the function Mµ(p, k, q), which we seek to parameterize,

transforms as a tensor under Lorentz transformations. This function should only contain

dynamical singularities, so particular care should be taking by writing it in such a way

that it does not contain kinematical ones. The most general expression for the Mµ(p, k, q)

from Eq. (9) can be expanded into simpler Lorentz structures `µi (p, q, k) multiplied by the

invariant functions MP `1`2
i , which only depend on Lorentz invariants and form-factors,

Mµ(p, k, q) =
X

i

`µi (p, q, k)M q`1`2
i (p2, ...) . (10)

The most general parameterization of Eq. (10) contains twelve form-factors,

Mµ(p, k, q) = �µ
�

MP `1`2
1 + /kMP `1`2

2

�

+ i�5�
µ
�

MP `1`2
3 + /kMP `1`2

4

�

+ qµ
�

MP `1`2
5 + /kMP `1`2

6

�

+ i�5q
µ
�

MP `1`2
7 + /kMP `1`2

8

�

(11)

+ pµ
⇣

M q`1`2
9 + /kM q`1`2

10

⌘

+ i�5p
µ
�

MP `1`2
11 + /kMP `1`2

12

�

.

In writing of Eq. (11) we used equation of motion for the lepton spinors, and rewrote terms

containing �µ⌫ in terms of components, e.g. i�µ⌫q⌫ = qµ��µ/q. Note that terms proportional

to /q can be expressed in terms of terms proportional to /k using momentum conservation and

equations of motion. Next, terms proportional to ✏µ⌫↵� tensor, such as ✏µ⌫↵��⌫p↵k�, can be

written in terms of the existing form-factors of Eq. (11) using the relation

i✏µ⌫↵��� = �µ�⌫�↵�5 � gµ⌫�↵�5 � g⌫↵�µ�5 + gµ↵�⌫�5 (12)

and the equations of motion. Finally, all terms in Eq. (11) proportional to kµ trivially vanish

by gauge invariance.

The set of Eq. (11) is still not minimal, as the condition of gauge invariance

kµM
µ(p, k, q) = 0 implies that some of the MP `1`2

i in Eq. (11) are not independent. An

elegant way of finding the minimal set of gauge-invariant Lorentz structures has been given

in [13], which we shall apply to our analysis. To get the minimal set, it is most convenient

to apply a projection operator for gauge invariance

P µ⌫ = gµ⌫ � pµk⌫

(p · k)
(13)

to Mµ(p, k, q). Since P µ⌫M⌫ = Mµ and kµP
µ⌫ = 0, P µ⌫ does indeed project out gauge-

invariant structures in Mµ(p, k, q). Applying P µ⌫ of Eq. (13) to Eq. (11) we learn that
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Adding a photon to the final state allows one to probe Wilson coe�cients that are not eas-

ily reachable by two-body decays. It, however, complicated the calculation of the transition

amplitude due to the presence of the photon in the final state.

A. Amplitude

The most general expression for the P (p) ! �(k)`1(p1)`2(p2) decay amplitude can be

obtained using the Bardeen-Tung formalism [13]. The decay amplitude can be written as

A(P (p) ! �(k)`1(p1)`2(p2)) = u(p1, s1) Mµ(p, k, q) v(p2, s2) ✏⇤µ(k), (9)
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from Eq. (9) can be expanded into simpler Lorentz structures `µi (p, q, k) multiplied by the
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i , which only depend on Lorentz invariants and form-factors,
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X

i

`µi (p, q, k)M q`1`2
i (p2, ...) . (10)
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In writing of Eq. (11) we used equation of motion for the lepton spinors, and rewrote terms

containing �µ⌫ in terms of components, e.g. i�µ⌫q⌫ = qµ��µ/q. Note that terms proportional

to /q can be expressed in terms of terms proportional to /k using momentum conservation and

equations of motion. Next, terms proportional to ✏µ⌫↵� tensor, such as ✏µ⌫↵��⌫p↵k�, can be

written in terms of the existing form-factors of Eq. (11) using the relation

i✏µ⌫↵��� = �µ�⌫�↵�5 � gµ⌫�↵�5 � g⌫↵�µ�5 + gµ↵�⌫�5 (12)

and the equations of motion. Finally, all terms in Eq. (11) proportional to kµ trivially vanish

by gauge invariance.

The set of Eq. (11) is still not minimal, as the condition of gauge invariance

kµM
µ(p, k, q) = 0 implies that some of the MP `1`2

i in Eq. (11) are not independent. An

elegant way of finding the minimal set of gauge-invariant Lorentz structures has been given

in [13], which we shall apply to our analysis. To get the minimal set, it is most convenient

to apply a projection operator for gauge invariance

P µ⌫ = gµ⌫ � pµk⌫

(p · k)
(13)

to Mµ(p, k, q). Since P µ⌫M⌫ = Mµ and kµP
µ⌫ = 0, P µ⌫ does indeed project out gauge-

invariant structures in Mµ(p, k, q). Applying P µ⌫ of Eq. (13) to Eq. (11) we learn that
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In writing of Eq. (11) we used equation of motion for the lepton spinors, and rewrote terms

containing �µ⌫ in terms of components, e.g. i�µ⌫q⌫ = qµ��µ/q. Note that terms proportional

to /q can be expressed in terms of terms proportional to /k using momentum conservation and
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and the equations of motion. Finally, all terms in Eq. (11) proportional to kµ trivially vanish
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kµM
µ(p, k, q) = 0 implies that some of the MP `1`2

i in Eq. (11) are not independent. An
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in [13], which we shall apply to our analysis. To get the minimal set, it is most convenient

to apply a projection operator for gauge invariance
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(p · k)
(13)

to Mµ(p, k, q). Since P µ⌫M⌫ = Mµ and kµP
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terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
i are

Lµ
1 = �µ/k, Lµ

2 = i�5�
µ/k,

Lµ
3 = (p · k) qµ � (k · q) pµ,

Lµ
4 = i�5 [(p · k) qµ � (k · q) pµ] ,

Lµ
5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]

h�(k)|q1�µ�5q2|P (p)i = i
p

4⇡↵ fP
A

⇥

kµ (p · ✏⇤) � ✏⇤µ (p · k)
⇤

,

h�(k)|q1�µq2|P (p)i =
p

4⇡↵ fP
V ✏⇤⌫✏µ⌫↵�p

↵k�, (17)

h�(k)|q1�µ⌫q2|P (p)i = i
p

4⇡↵ ✏⇤↵
⇥

fP
T1✏µ⌫↵�k

� + fP
T2

�

p↵✏µ⌫⇢�p
⇢k� + (p · k) ✏µ⌫↵�p

�
�⇤

,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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2 = i�5�
µ/k, Lµ

3 = (p · k) qµ � (k · q) pµ,

Lµ
4 = i�5 [(p · k) qµ � (k · q) pµ] , Lµ
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6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ, Lµ

8 = i�5 [q
µ/k � (k · q) �µ]

1

terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
i are

Lµ
1 = �µ/k, Lµ

2 = i�5�
µ/k,

Lµ
3 = (p · k) qµ � (k · q) pµ,

Lµ
4 = i�5 [(p · k) qµ � (k · q) pµ] ,

Lµ
5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]
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,
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⇢k� + (p · k) ✏µ⌫↵�p

�
�⇤

,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
i are
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4 = i�5 [(p · k) qµ � (k · q) pµ] ,
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5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]
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p

4⇡↵ fP
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⇥

kµ (p · ✏⇤) � ✏⇤µ (p · k)
⇤

,

h�(k)|q1�µq2|P (p)i =
p

4⇡↵ fP
V ✏⇤⌫✏µ⌫↵�p

↵k�, (17)

h�(k)|q1�µ⌫q2|P (p)i = i
p

4⇡↵ ✏⇤↵
⇥

fP
T1✏µ⌫↵�k

� + fP
T2
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p↵✏µ⌫⇢�p
⇢k� + (p · k) ✏µ⌫↵�p

�
�⇤

,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)

8



Hadronic Form Factors 

•  The scalar functions Ai
Pl1l2(p2,…) depend on 

–  Kinematical invariants i.e. p2, q2, p�k, etc.  
–  8 linearly independent form-factors 
–  In this talk, we will only consider 4 of the 8 form-factors 

•  Upon inspecting the four-fermion Lagrangian one finds that 
the Ai

Pl1l2(p2,…) functions should depend on P(p) toγ(k) form-
factors: 

Derek E. Hazard 12 

terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
i are

Lµ
1 = �µ/k, Lµ

2 = i�5�
µ/k,
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3 = (p · k) qµ � (k · q) pµ,
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4 = i�5 [(p · k) qµ � (k · q) pµ] ,

Lµ
5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]

h�(k)|q1�µ�5q2|P (p)i = i
p

4⇡↵ fP
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⇥

kµ (p · ✏⇤) � ✏⇤µ (p · k)
⇤

,

h�(k)|q1�µq2|P (p)i =
p

4⇡↵ fP
V ✏⇤⌫✏µ⌫↵�p

↵k�, (17)

h�(k)|q1�µ⌫q2|P (p)i = i
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⇥
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p↵✏µ⌫⇢�p
⇢k� + (p · k) ✏µ⌫↵�p
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,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
i are
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1 = �µ/k, Lµ

2 = i�5�
µ/k,
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3 = (p · k) qµ � (k · q) pµ,

Lµ
4 = i�5 [(p · k) qµ � (k · q) pµ] ,

Lµ
5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]
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p
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⇤

,

h�(k)|q1�µq2|P (p)i =
p

4⇡↵ fP
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↵k�, (17)
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p
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,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
µ
i = 0 and

eliminating kinematical singularities we define the set of the amplitudes Lorentz structures

Lµ
i

Mµ(p, k, q) =
X

i

Lµ
i (p, q, k)AP `1`2

i (p2, ...) (14)

defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
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Lµ
5 = (p · k) �µ � pµ/k, (15)

Lµ
6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
7 = qµ/k � (k · q) �µ,

Lµ
8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that

A(P (p) ! �(k)`1(p1)`2(p2)) =
X

i

AP `1`2
i (p2, ...) u(p1, s1) Lµ

i (p, q, k) v(p2, s2) ✏⇤µ(k). (16)

As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]
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,
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,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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terms proportional to pµ do not give contributions to the minimal set and should be dropped,

leaving the number of independent amplitudes to eight. Applying the condition kµ`
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defined in such a way that all kinematical singularities are removed. The AP `1`2
i (p2, ...) are

the new scalar form-factors, while Lµ
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5 = (p · k) �µ � pµ/k, (15)
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6 = i�5 [(p · k) �µ � pµ/k] ,

Lµ
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8 = i�5 [qµ/k � (k · q) �µ] ,

which implies that
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As was previously pointed out, the scalar functions AP `1`2
i (p2, ...) only depend on kinemat-

ical invariants and form-factors. Examining the four fermion Lagrangian of Eq. (3) one can

find that the contributions of Fig. 1(a)-1(b) to AP `1`2
i (p2, ...) would depend on the following

form-factors for P (p) ! �(k) transition [23]
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,
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,

There is no contribution from the pseudoscalar operators of the Lagrangian in Eq. (3). This

can be seen by taking a matrix element of the divergence of axial current to relate the axial

and pseudoscalar matrix elements,

h�(k)|q1�5q2|P (p)i = � 1

mq1 + mq2

pµh�(k)|q1�µ�5q2|P (p)i, (18)
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Vector operator contributions for 
Bq to γl1l2 (bql1l2 operators) 

•  These vector operators are particularly interesting because they 
cannot be accessed by two body decays. 

•  Set all Wilson coefficients to zero except those of bql1l2 operators 
yielding: 

•  A3-A6 are zero in this case 
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Vector operator contributions for 
Bq to γl1l2 (bql1l2 operators) 

•  These vector operators are particularly interesting because they 
cannot be accessed by two body decays. 

•  Set all Wilson coefficients to zero except those of bql1l2 operators 
yielding: 

•  A3-A6 are zero in this case 
•  Now we can use a vector form factor parameterization from any 

model as an input for our work. 
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Vector operator contributions for 
Bq to γl1l2 (bql1l2 operators) 

•  We use the following parameterization*: 
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Vector operator contributions for 
Bq to γl1l2 (bql1l2 operators) 

•  We use the following parameterization*: 

•  Which in principle would allow us to constrain the vector 
Wilson coefficients if we had constraints on the decays of  
–  B(Bq to γμτ) 
–  B(Bq to γeτ) 
–  B(Bq to γeμ) 

•  Such constraints could be found by B-factories such as LHCb 
or Belle 2. 
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Differential decay rates Bq to γl1l2 
(bql1l2 operators) 

While we cannot constrain the Wilson coefficients without 
experimental data, we can look at the differential decay rates: 
 
 
 
 
 
 
 
Bd → γμτ or γeτ (solid blue curve), Bd → γeμ (short-
dashed gold curve), Bs → γμτ or γeτ (dotted red curve),  
Bs → γeμ (dot-dashed green curve) 
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Summary 

•  LFV transitions provide a powerful engine for NP 
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Summary 

•  LFV transitions provide a powerful engine for NP 
searches 

•  Any NP model with flavor violation at high scales can be 
cast in terms of the Leff at low energies. 

•  The projection method provides a general amplitude for 
all P to γl1l2 decays not just B,D,K. 

•  Calculating three-body decays using form-factors 
provides a model independent result. 

•  RLFV decays can provide access to operators that cannot 
otherwise be seen via two-body decays. 
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Form Factors 

•  There is no scalar or pseudo-scalar operator contribution to 
the P(p) toγ(k) form-factors. 

•  Proven by taking the divergence of the vector or axial current 

Derek E. Hazard 20 

h�(k)|q1�5q2|P (p)i = � 1

mq1 +mq2

pµh�(k)|q1�µ�5q2|P (p)i

= � 1

mq1 +mq2

pµ
p
4⇡↵ fP

V ✏
⇤⌫✏µ⌫↵�p

↵k�

= 0

1

h�(k)|q1q2|P (p)i = � 1

mq1 �mq2

pµh�(k)|q1�µq2|P (p)i

= � 1

mq1 �mq2

pµi
p
4⇡↵ fP

A

⇥
kµ (p · ✏⇤)� ✏⇤µ (p · k)

⇤

= 0

1


