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Electroweak Physics at the EIC



• The EIC is primarily a QCD machine. 

• However, electroweak physics at the EIC can play an important role for:

• This is facilitated by:

-high luminosity  
-wide kinematic range
-polarized beams
-range of nuclear targets

EIC	&	Spin	Puzzle	
• Parton	helicity	distributions	are	sensitive	to	low-x	physics.	
• EIC	would	have	an	unprecedented	low-x	reach	for	a	spin	DIS	experiment,	

allowing	to	pinpoint	the	values	of	quark	and	gluon	contributions	to	
proton’s	spin:

• ΔG	and	ΔΣ are	integrated	over	x	in	the	0.001	<	x	<	1	interval.
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Current polarized DIS data:
CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet

1

10

10 2

10 3

10-4 10-3 10-2 10-1 1

EIC √s
= 45

 GeV
, 0.

01≤ y ≤
 0.9

5  

Electroweak Physics at the EIC

-constraining new physics via precision measurements of electroweak couplings 
-lepton flavor violation searches
-nucleon spin structure
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Electron-Quark Phenomenology

C1u and C1d will be determined to high precision by Qweak, APV Cs

C2u and C2d are small and poorly known: 

! one combination can be accessed in PV DIS

New physics such as compositeness, leptoquarks:

Deviations to C2u and C2d might be fractionally large

A

V

V

A

PV elastic e-p scattering, APV

PV deep inelastic scattering

Moller PV is insensitive to the Cij

• For Q2 << (MZ)2 limit, electron-quark scattering via the weak neutral 
current is mediated by contact interactions:
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from Oµ�
ud(x), the impact on the asymmetry would likely be too small to be extracted without

further improvements in experimental precision. In this case, however, the planned PVDIS

experiments could in principle provide a theoretically clean probe of possible contributions

from CSV(see Fig. 2) and/or physics beyond the SM. Conversely, the observation of sig-

nificant power corrections to the Y1 term would signal the presence of relatively large and

theoretically interesting quark-quark correlation contributions to the electroweak structure

functions.

Our analysis leading to these conclusions is organized in the remainder of the paper as

follows. In Section II, we provide an overview of the structure of the deuterium asymmetry,

setting the context for our analysis of the twist-four contributions in Section III. In Section

IV we give our MIT Bag Model estimates and compare these with recent parameteriza-

tions of CSV contributions in Section V. We summarize our conclusions in Section VI. In

appendix A, we also recast the argument of [23–25] in the language of the Soft-Collinear

E�ective Theory(SCET) [26–28] that shows manifestly that the twist-four matrix element

contributing to the Y1-term satisfies the Callan-Gross relation at tree level in the matching.

II. OVERVIEW

Before presenting the formalism and derivation of our results, we provide an overview of

the structure of the deuterium asymmetry and the context for the higher twist contribu-

tions. The SM parity violating interactions of the electron with the quarks, obtained after

integrating out the Z-boson, are parameterized as

L =
GF⇥

2

⇧
ē�µ�5e

�
C1uū�µu + C1dd̄�µd

⇥
+ ē�µe

�
C2uū�µ�5u + C2dd̄�µ�5d

⇥⌃
, (5)

where the coe⇥cients C1q and C1q are given by
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3
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⌅̂q
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Here If
3 is the third component of weak isospin for fermion f , Qf is the electromagnetic

charge, and ⇥̂W is the weak mixing in the MS scheme. The quantities ⇧̂NC , ⇤̂, and ⌅̂q
j encode

the e�ects of electroweak radiative corrections and take on the values one, one, and zero,

respectively, at tree-level, leading to

Ctree
1u = �1

2
+

4

3
sin2 ⇥W , Ctree

1d =
1

2
� 2

3
sin2 ⇥W ,

Ctree
2u = �1

2
+ 2 sin2 ⇥W , Ctree

2d =
1

2
� 2 sin2 ⇥W . (8)

The reason for the high sensitivity of ARL to these interactions is that in the limit of

good isospin and negligible sea quark e�ects, all hadronic e�ects are known to cancel in the

• At tree-level in the SM:
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The reason for the high sensitivity of ARL to these interactions is that in the limit of

good isospin and negligible sea quark e�ects, all hadronic e�ects are known to cancel in the
• These tree level values are modified by radiative corrections:

4

of Ref. [20] by allowing for the x-dependences of the twist-two and twist-four contributions

to F �(�Z)
1 to di↵er. We find that if the MIT Bag Model reasonably estimates the magnitude

of the twist-four contribution from Oµ⌫

ud

(x), the impact on the asymmetry would likely be

too small to be extracted without further improvements in experimental precision. In this

case, however, the planned PVDIS experiments could in principle provide a theoretically

clean probe of possible contributions from CSV and/or physics beyond the SM. Conversely,

the observation of significant power corrections to the Y1 term would signal the presence

of relatively large and theoretically interesting quark-quark correlation contributions to the

electroweak structure functions.

Our analysis leading to these conclusions is organized in the remainder of the paper as

follows. In Section II, we provide an overview of the structure of the deuterium asymmetry,

setting the context for our analysis of the twist-four contributions in Section III. In Section

IV we give our MIT Bag Model estimates and compare these with recent parameterizations of

CSV contributions as well as possible e↵ects from “new physics” in Section V. We summarize

our conclusions in Section VI. In appendix A, we also recast the argument of [24–26] in the

language of the Soft-Collinear E↵ective Theory(SCET) [27–29] that shows manifestly that

the twist-four matrix element contributing to the Y1-term satisfies the Callan-Gross relation

at tree level in the matching.

II. OVERVIEW

Before presenting the formalism and derivation of our results, we provide an overview of

the structure of the deuterium asymmetry and the context for the higher twist contribu-

tions. The SM parity violating interactions of the electron with the quarks, obtained after

integrating out the Z-boson, are parameterized as
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Here If

3 is the third component of weak isospin for fermion f , Q
f

is the electromagnetic

charge, and ✓̂
W

is the weak mixing in the MS scheme. The quantities ⇢̂
NC

, ̂, and �̂q

j

encode

the e↵ects of electroweak radiative corrections and take on the values one, one, and zero,

respectively, at tree-level, leading to
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Electron-Quark Phenomenology

C1u and C1d will be determined to high precision by Qweak, APV Cs

C2u and C2d are small and poorly known: 

! one combination can be accessed in PV DIS

New physics such as compositeness, leptoquarks:

Deviations to C2u and C2d might be fractionally large

A

V

V

A

PV elastic e-p scattering, APV

PV deep inelastic scattering

Moller PV is insensitive to the Cij

Weak Polarized Electron Scattering 41

important for nuclear structure. Furthermore, �R is important in astrophysics

to constrain neutron star radii. Finally, both PVES and APV can constrain the

weak charge of a nucleus.

6 PROBING NEW PHYSICS

PVES and related experiments can be used to search for evidence for new particles

or interactions beyond those of the SM, or conversely to set exclusion limits. For

example, new particles may modify the self-energies of the electroweak gauge

bosons, leading to observable shifts in fundamental parameters such as sin2 ✓W .

This kind of e↵ect is described by what are known as “oblique parameters”, and

has been reviewed very recently in References (4, 9). But the new physics may

also generate new quantum-mechanical amplitudes. These and other phenomena

may be correlated in specific scenarios and their realizations in concrete models.

6.1 Beyond the SM Amplitudes and New Physics Scales

The NC Lagrangian in Equation 2 shows four-Fermi contact interactions normal-

ized with respect to the EW scale, v. In the presence of non-standard physics

there will be new contributions, so that e.g.,

geq
AV

2v2
ē�µ�5eq̄ �µq !


geq
AV

2v2
+

4⇡

(⇤eq
AV )2

�
ē�µ�5eq̄ �µq , (62)

and similarly for the other interaction types. In particular, new contact in-

teractions are expected if leptons or quarks have a substructure and are com-

posed of more fundamental objects, bound together by a new interaction of non-

perturbative strength. Therefore, it has become conventional (127) to choose the

new coe�cients in 62 equal to 4⇡, and to parametrize the e↵ects of the new oper-

ators in terms of compositeness scales ⇤, but the resulting bounds can be rescaled

• New physics effects will shift the values of the effective Ciq coefficients: 

• Thus, precision measurements of the WNC couplings (or weak mixing 
angle), constrains new physics. 

+
Examples of Possible Standard Model Extensions

E6 Z’ Based Extensions RPV SUSY Extensions Leptoquarks

e

u e 

u 

d~

e

u e

u

LQ

e 

e u

u

Z’ 



Precision Measurements of the Weak Neutral Current Couplings

Low-Energy Measurements of the Weak Mixing Angle 59

APVHCsL

E-158
n-DIS

Total

Fermions

Bosons SLAC

LEP
AFBHbbL

10-4 0.01 1 100 104

0.225

0.230

0.235

0.240

0.245

Q@GeVD

si
n2
q W
HQL

Figure 1: sin2 ✓W (µ)
MS

(left panel) from Ref. (29) with updated APV result.

sin2 ✓W (Q2) (right panel), a one-loop calculation dominated by ��Z0 mixing (52).

The red and green curves are the boson and fermion contributions respectively.

Model ⌘f
LL ⌘f

RR ⌘f
LR ⌘f

RL

LL± ±1 0 0 0

RR± 0 ±1 0 0

LR± 0 0 ±1 0

RL± 0 0 0 ±1

V V ± ±1 ±1 ±1 ±1

AA± ±1 ±1 ⌥1 ⌥1

V A± ±1 ⌥1 ±1 ⌥1

Table 1: Models classified by chiral

structure in the e↵ective Lagrangian.

Experiment ⇤ Coupling

Cesium APV 9.9 TeV C
1u + C

1d

E-158 8.5 TeV Cee

Qweak 11 TeV 2C
1u + C

1d

SoLID 8.9 TeV 2C
2u � C

2d

MOLLER 19 TeV Cee

P2 16 TeV 2C
1u + C

1d

Table 2: 95% C.L. reach of experiments

discussed in Sec. 2 and 3 to the new

physics scale ⇤ (g2 = 4⇡)

Z

�
f

Z

�
W W

Z

�
W

W W
�

�e

Figure 2: ��Z mixing diagrams and W -loop contribution to the anapole moment

for parity-violating elastic electron scattering (reproduced from Ref. (52))
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from Oµ�
ud(x), the impact on the asymmetry would likely be too small to be extracted without

further improvements in experimental precision. In this case, however, the planned PVDIS
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nificant power corrections to the Y1 term would signal the presence of relatively large and
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Here If
3 is the third component of weak isospin for fermion f , Qf is the electromagnetic

charge, and ⇥̂W is the weak mixing in the MS scheme. The quantities ⇧̂NC , ⇤̂, and ⌅̂q
j encode

the e�ects of electroweak radiative corrections and take on the values one, one, and zero,

respectively, at tree-level, leading to
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The reason for the high sensitivity of ARL to these interactions is that in the limit of

good isospin and negligible sea quark e�ects, all hadronic e�ects are known to cancel in the

• New physics reach from various precision experiments and the 
combination of couplings they constrain: 

    
[K.kumar, et.al. Ann.Rev.Nucl.Part.Sci. 63 (2013) 237-267]



Precision Measurements of the Weak Mixing  Angle

• Deviations from SM predictions can be hints for new physics

    
[PDG]

16 10. Electroweak model and constraints on new physics

Figure 10.2: Scale dependence of the weak mixing angle defined in the MS

scheme [118] (for the scale dependence of the weak mixing angle defined in a
mass-dependent renormalization scheme, see Ref. 119). The minimum of the curve
corresponds to µ = MW , below which we switch to an effective theory with the
W± bosons integrated out, and where the β-function for the weak mixing angle
changes sign. At the location of the W boson mass and each fermion mass there
are also discontinuities arising from scheme dependent matching terms which are
necessary to ensure that the various effective field theories within a given loop
order describe the same physics. However, in the MS scheme these are very small
numerically and barely visible in the figure provided one decouples quarks at
µ = m̂q(m̂q). The width of the curve reflects the theory uncertainty from strong
interaction effects which at low energies is at the level of ±7×10−5 [118]. Following
the estimate [121] of the typical momentum transfer for parity violation experiments
in Cs, the location of the APV data point is given by µ = 2.4 MeV. For NuTeV we
display the updated value from Ref. 120 and chose µ =

√
20 GeV which is about

half-way between the averages of
√

Q2 for ν and ν interactions at NuTeV. The
Tevatron and LHC measurements are strongly dominated by invariant masses of the
final state dilepton pair of O(MZ) and can thus be considered as additional Z pole
data points. For clarity we displayed the Tevatron point horizontally to the left.

g en
AV ≡ g eu

AV + 2g ed
AV ≈

1

2
, (10.29)

one has,

QZ,N
W ≡ −2

[
Z(g ep

AV + 0.00005) + N(g en
AV + 0.00006)

] (
1 −

α

2π

)
, (10.30)

where the numerically small adjustments are discussed in Ref. 76 and include the result
of the γZ-box correction from Ref. 130. E.g., QW (133Cs) is extracted by measuring
experimentally the ratio of the parity violating amplitude, EPNC, to the Stark vector

August 21, 2014 13:18

• Wide kinematic range and high luminosity of the EIC can provide 
many more measurements of the weak mixing angle along this curve.



Parity-Violating e-D Asymmetry

• The asymmetry can be brought into the form:
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1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:
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For typical fixed target experiments, A

PV

ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q

W

matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV
scale.

2. Parity-Violating Deep Inelastic Scattering
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in DIS can be written as
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Here, C1i

(C2i

) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, f

i

(x) are parton distribution
functions and q

i

are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
A

PV

ratio of the weak and electromagnetic amplitudes:

a(x) =
6
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h
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)+ corrections
i
; (2.4)

b(x) =
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h
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)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)
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• QPM expressions:



Parity-Violating e-D Asymmetry

• Due to the isoscalar nature of the Deuteron target, the dependence of 
the asymmetry on the structure functions largely cancels (Cahn-Gilman 
formula).
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• current presicion ⇥APV /APV ⇤ 10�6.

• all hadronic e�ects cancel at leading twist. APV is strong candidate for studying HT

e�ects.
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• Parity-violating e-D asymmetry is a powerful 
probe of the WNC couplings:
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asymmetry at leading order in the twist expansion, corresponding to the parton model limit.

The resulting expression for the asymmetry, known as the Cahn-Gilman (CG) formula [3],

is given at tree-level by
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CG = � GF Q2
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Here y is the kinematic variable defined as

y =
2P · (�� ��)

2P · �
, (10)

where Pµ, �µ, and ��
µ denote the four momenta of the deuteron, the incoming electron, and

the outgoing electron respectively. In the lab frame, the variable one has y = (E � E �)/E

where E and E � denote of the energies of the incoming and and outgoing electrons. The

corrections to this Cahn-Gilman formula can be parameterized by writing the asymmetry

as

ARL = � GF Q2

2
⇤

2⇤�

9

10

⇧
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where the parameters ãj (j = 1, 2) are schematically written as

ãj = �2

3
(2Cju � Cjd)

⇤
1 + Rj(new) + Rj(sea) + Rj(CSV) + Rj(TMC) + Rj(HT)

⌅
(12)

and Rj(new), Rj(sea), Rj(CSV), Rj(TMC), and Rj(HT) denote respectively corrections

arising from possible new physics beyond the SM, sea quark e�ects, CSV, target mass

corrections (TMC), and higher twist (HT) contributions. If one is interested in looking for

signals of new physics beyond the SM that can leave a footprint in the asymmetry via the

contributions R1,2(new), it is crucial that all the SM electroweak and hadronic corrections to

the Cahn-Gilman formula in Eq. (12) are under theoretical and experimental control. One

can take an alternative viewpoint and instead view a precision measurement of ARL as a

probe of hadronic physics that modifies the Cahn-Gilman formula as in Eqs.(11) and (12).

The analysis of this paper is focused on the higher twist correction R1(HT) that enters

the ã1 term of the asymmetry. The leading contribution to R1(HT) appears at twist-four,

giving rise to a 1/Q2 power law dependence. In contrast, the leading contribution from

R1(TMC), which will also have a 1/Q2 power law contribution, will be suppressed relative

to R1(HT). The relative suppression of R1(TMC) can be understood by noting that the

derivation of the Cahn-Gilman formula is valid even for a finite target mass so that target

mass corrections will always appear in conjunction with at least one of the already small

e�ects that correct the Cahn-Gilman formula.

Given that all the remaining contributions to ã1 in Eq. (12) have at most a logarithmic

dependence on Q2, one can, in principle, make a clean extraction of R1(HT) by studing the

Q2 dependence of the ã1 term in the asymmetry. Similar statements can be made for the

All hadronic effects cancel! Clean probe of 
WNC

• e-D asymmetry allows a precision measurement of the weak mixing angle.
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ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
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Corrections to Cahn-Gilman

• Hadronic effects appear as corrections to the Cahn-Gilman formula
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the ã1 term of the asymmetry. The leading contribution to R1(HT) appears at twist-four,

giving rise to a 1/Q2 power law dependence. In contrast, the leading contribution from

R1(TMC), which will also have a 1/Q2 power law contribution, will be suppressed relative

to R1(HT). The relative suppression of R1(TMC) can be understood by noting that the

derivation of the Cahn-Gilman formula is valid even for a finite target mass so that target

mass corrections will always appear in conjunction with at least one of the already small

e�ects that correct the Cahn-Gilman formula.

Given that all the remaining contributions to ã1 in Eq. (12) have at most a logarithmic
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• Hadronic effects must be well understood before any claim for evidence 
of new physics can be made.     
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Musolf, G.Sacco; A.V.Belitsky, A.Mashanov, A. Schafer; 
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e-D PVDIS at EIC

• EIC can make improve on the precision of the WNC couplings. 

EIC	&	Spin	Puzzle	
• Parton	helicity	distributions	are	sensitive	to	low-x	physics.	
• EIC	would	have	an	unprecedented	low-x	reach	for	a	spin	DIS	experiment,	

allowing	to	pinpoint	the	values	of	quark	and	gluon	contributions	to	
proton’s	spin:

• ΔG	and	ΔΣ are	integrated	over	x	in	the	0.001	<	x	<	1	interval.
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Electroweak physics at a future EIC Krishna Kumar

1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:
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For typical fixed target experiments, A

PV

ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q

W

matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV
scale.

2. Parity-Violating Deep Inelastic Scattering

A

PV

in DIS can be written as
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Here, C1i

(C2i

) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, f

i

(x) are parton distribution
functions and q

i

are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
A

PV

ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u

� 1
2

C1d

)+ corrections
i
; (2.4)

b(x) =
6
5

h
(C2u

� 1
2

C2d

)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)

2

P
o
S
(
D
I
S
 
2
0
1
0
)
2
6
9

Electroweak physics at a future EIC Krishna Kumar

1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:

APV ⌘
s

R

�s
L

s
R

+s
L

' |A
Z

|
|Ag | '

G

F

Q

2

4pa
' 10�4

Q

2 (1.1)

For typical fixed target experiments, A

PV

ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q

W

matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV
scale.

2. Parity-Violating Deep Inelastic Scattering

A

PV

in DIS can be written as

A

PV

= Q

2 G

F

2
p

2pa

h
a(x)+

1� (1� y)2

1+(1� y)2 b(x)
i
, (2.1)

a(x)⌘ S
i

f

i

(x)C1i

q

i

/S
i

f

i

(x)q2
i

, (2.2)

b(x)⌘ S
i

f

i

(x)C2i

q

i

/S
i

f

i

(x)q2
i

. (2.3)

Here, C1i

(C2i

) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, f

i

(x) are parton distribution
functions and q

i

are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
A

PV

ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u

� 1
2

C1d

)+ corrections
i
; (2.4)

b(x) =
6
5

h
(C2u

� 1
2

C2d

)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)

2

P
o
S
(
D
I
S
 
2
0
1
0
)
2
6
9

Electroweak physics at a future EIC Krishna Kumar

1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:

APV ⌘
s

R

�s
L

s
R

+s
L

' |A
Z

|
|Ag | '

G

F

Q

2

4pa
' 10�4

Q

2 (1.1)

For typical fixed target experiments, A

PV

ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q

W

matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV
scale.

2. Parity-Violating Deep Inelastic Scattering

A

PV

in DIS can be written as

A

PV

= Q

2 G

F

2
p

2pa

h
a(x)+

1� (1� y)2

1+(1� y)2 b(x)
i
, (2.1)

a(x)⌘ S
i

f

i

(x)C1i

q

i

/S
i

f

i

(x)q2
i

, (2.2)

b(x)⌘ S
i

f

i

(x)C2i

q

i

/S
i

f

i

(x)q2
i

. (2.3)

Here, C1i

(C2i

) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, f

i

(x) are parton distribution
functions and q

i

are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
A

PV

ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u

� 1
2

C1d

)+ corrections
i
; (2.4)

b(x) =
6
5

h
(C2u

� 1
2

C2d

)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)

2• High luminosity:

• Measurements over wide range of y:

APV (Cs)

E158

SLAC

LEP

Moller (Jlab)

QWEAK (Jlab)

SOLID (Jlab)

EIC
(statistical errors only)

ν-DIS

-3 -2 -1 0 1 2 3

0.230

0.232

0.234

0.236

0.238

0.240

0.242

log10(Q [GeV])

si
n

2
 θ

W
e

ff
 (

Q
)

Figure 4.2: Projected statistical uncertainties on the sin2 ✓
W

in a series of Q2 bins (
p
s = 140

GeV, 200 fb�1.) The black points are published results while the blue points are projections
from the JLab program.

This an active field with new experimental
tools under development, as described in re-
cent reviews [315, 316, 317].

At the EIC, the availability of high lumi-
nosity collisions of polarized electrons with
polarized 1H and 2H would allow the con-
struction of parity-violating observables that
are sensitive to all four semi-leptonic cou-
pling constants introduced above. The ob-
servable with the best sensitivity to cleanly
measure coupling constants without signifi-
cant theoretical uncertainty is A

PV

in e�2H
collisions. A

PV

is constructed by averaging
over the hadron polarization and measuring
the fractional di↵erence in the deep inelas-
tic scattering (DIS) rate for right-handed vs
left-handed electron bunches.

The collider environment and the her-
metic detector package at high luminosity
will allow precision measurements of A

PV

over a wide kinematic range. In particu-
lar, the EIC will provide the opportunity to
make highly precise measurements of A

PV

at
high values of the 4-momentum transfer Q2,
and in the range 0.2<⇠x<⇠ 0.5 for the frac-
tion of the nucleon momentum carried by the
struck quark, such that hadronic uncertain-

ties from limited knowledge of parton distri-
bution functions and higher-twist e↵ects are
expected to be negligible.

By mapping A
PV

as a function of Q2

and the inelasticity of the scattered electron
y (something that is very challenging to do
in fixed target experiments), a clean separa-
tion of two linear combination of couplings
namely 2C

1u

� C
1d

and 2C
2u

� C
2d

will be-
come feasible as a function of Q2. Thus, at
the highest luminosities and center-of-mass
energies envisioned at the EIC, very precise
measurements of these combinations can be
achieved at a series of Q2 values, providing
an important and complementary validation
of the electroweak theory at the quantum
loop level. Figure 4.2 shows a first estimate
of projected uncertainties on the weak mix-
ing angle extracted from such a dataset [2],
for a center-of-mass energy of 140 GeV and
an integrated luminosity of 200 fb�1. The
e↵ects of radiative corrections and detector
e↵ects need to be considered in the future to
further refine this study.

A unique feature of DIS A
PV

measure-
ments is the sensitivity to the C

2i

coupling
constants that involve the amplitudes with
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• Region of high Q^2:

-allows high precision

-larger asymmetry 
-suppress higher twist effects

• Region of high Q^2 and restrict range of Bjorken-x 
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Weak Mixing angle at EIC

• Projected statistical uncertainties on the weak mixing angle at the EIC, for the 
following conditions:

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

p
s ⇠ 140 GeV (1)

L ⇠ 200 fb�1 (2)

(3)

sin ✓13 (4)
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(6)
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ep ! ⌧X (8)

(rare CLFV decays)

(3̄, 3) (9)

p
s ⇠ 90 GeV (10)

L ⇠ 10 fb�1 (11)

    
[K.kumar, Y.Li, W.Marciano]



Leptophobic Z’

axial-vector quark currents. While the cou-
plings are kinematically accessible at large
scattering angle measurements in fixed tar-
get elastic electron scattering, axial-hadronic
radiative correction uncertainties cloud the
interpretation of the measurements in terms
of fundamental electroweak physics. Parity-
violating DIS using 2H is the only practical
way to measure one combination accurately,
namely 2C

2u

� C
2d

. A recent measurement
at 6 GeV at JLab made the first non-zero
measurement of this combination [318], and
a new experiment has been proposed at 11
GeV to constrain this combination to better
than 10%. At the highest envisioned lumi-
nosities, the EIC would o↵er the opportu-
nity to further improve on this constraint by
a further factor of 2 to 3.

Figure 4.3: A Feynman diagram for an ampli-
tude with a vector electron current and axial-
vector hadron current which would be sensitive
to a heavy new vector boson that couples to
quarks and has no couplings to leptons. [319]

One example of the importance of achiev-
ing sensitive constraints on the C

2i

couplings
is depicted in Fig. 4.3, which shows how a
heavy Z0 boson (predicted in many SM ex-
tensions) could introduce an additional am-
plitude and induce a deviation in the mea-
sured C

2i

couplings [319]. A remarkable fea-
ture of this amplitude is the fact it is sensi-
tive to the Z0 boson even in the case that it
might not couple to leptons (so-called lepto-
phobic Z0). The limits on the existence of
such bosons from other precision weak neu-
tral current measurements as well as from
colliders is very weak because all signatures

require non-zero lepton-Z0 couplings. Note
that this amplitude cannot contribute to any
tree-level amplitudes nor amplitudes involv-
ing the C

1i

couplings at the quantum loop
level. The projected uncertainty from the
JLab measurements will be sensitive to a
lepto-phobic Z0 with a mass <⇠ 150 GeV, sig-
nificantly better than the current limit from
indirect searches when there is no significant
Z-Z0 mixing.

The JLab extraction will rely on a simul-
taneous fit of electroweak couplings, higher-
twist e↵ects and violation of charge symme-
try to a series of A

PV

measurements in nar-
row x and Q2 bins. It is highly motivated
to find ways to improve the sensitivity to the
C
2i

couplings further, given its unique sen-
sitivity for TeV-scale dynamics such as the
aforementioned Z0 bosons. The kinematical
range for the A

PV

measurement at the EIC
would enable a significantly improved statis-
tical sensitivity in the extraction of the C

2i

couplings. Apart from statistical reach, the
EIC measurements will have the added ad-
vantage of being at significantly higher Q2

so that higher-twist e↵ects should be totally
negligible.

A study of the statistical reach shows
that an EIC measurement can match the sta-
tistical sensitivity of the 12 GeV JLab mea-
surement with ⇠ 75 fb�1. It is also worth
noting that the EIC measurements will be
statistics-limited, unlike the JLab measure-
ment. The need for precision polarimetry,
the limiting factor in fixed target measure-
ments, will be significantly less important at
the corresponding EIC measurement because
2C

2u

� C
2d

would be extracted by studying
the variation of A

PV

as a function of the frac-
tional energy loss parameter, y. Thus, with
an integrated luminosity of several 100 fb�1

in Stage II of the EIC, the precision could be
improved by a further factor of 2 to 3. De-
pending on the discoveries at the LHC over
the next decade, it is quite possible that such
sensitivity to C

2i

couplings, which is quite
unique, would prove to be critical to unravel
the nature of TeV-scale dynamics.
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• Leptophobic Z’s are an interesting BSM scenario for a high luminosity EIC to 
probe.
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• Leptophobic Z’s couple very weakly to leptons:
-difficult to constrain at colliders due to large QCD backgrounds

• Leptophobic Z’s only affect the b(x) term or the C2q coefficients in APV: 

Leptophobic Z’ 
contributes only to 
the C2q couplings!
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1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:
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For typical fixed target experiments, A
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ranges from roughly 10�4 to as small as 10�7. In
the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q

W

matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
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the fraction of the nucleon momentum carried by the struck quark, f
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(x) are parton distribution
functions and q
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are the electromagnetic charges. The a(x) term arises from the product of the
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level. The projected uncertainty from the
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nificantly better than the current limit from
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would enable a significantly improved statis-
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couplings. Apart from statistical reach, the
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vantage of being at significantly higher Q2

so that higher-twist e↵ects should be totally
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A study of the statistical reach shows
that an EIC measurement can match the sta-
tistical sensitivity of the 12 GeV JLab mea-
surement with ⇠ 75 fb�1. It is also worth
noting that the EIC measurements will be
statistics-limited, unlike the JLab measure-
ment. The need for precision polarimetry,
the limiting factor in fixed target measure-
ments, will be significantly less important at
the corresponding EIC measurement because
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would be extracted by studying
the variation of A

PV

as a function of the frac-
tional energy loss parameter, y. Thus, with
an integrated luminosity of several 100 fb�1

in Stage II of the EIC, the precision could be
improved by a further factor of 2 to 3. De-
pending on the discoveries at the LHC over
the next decade, it is quite possible that such
sensitivity to C
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couplings, which is quite
unique, would prove to be critical to unravel
the nature of TeV-scale dynamics.
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1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-
ulated that there might be an analogous parity violating neutral current interaction [1]. He noted
that if such an interaction existed, then parity violation would be manifested in lepton-nucleon
scattering due to the interference between the weak and electromagnetic amplitudes. He predicted
that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign
of the beam polarization, the fractional difference in the cross-section would be:

APV ⌘
s

R

�s
L

s
R

+s
L

' |A
Z

|
|Ag | '

G

F

Q

2

4pa
' 10�4

Q

2 (1.1)

For typical fixed target experiments, A

PV
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the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed
at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The
measurement was an important validation of the Standard Model, and the extracted value of the
electroweak mixing angle sin2 q
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matched the corresponding value obtained from neutral current
neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right
asymmetries have been steadily refined such that statistical errors and systematic errors approach-
ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic
variables, this has facilitated measurements in several important physics topics, such as many-body
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) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is
the fraction of the nucleon momentum carried by the struck quark, f
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(x) are parton distribution
functions and q
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are the electromagnetic charges. The a(x) term arises from the product of the
electron axial-vector coupling and the quark vector coupling and is typically the dominant term.
For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the
A

PV

ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u

� 1
2

C1d

)+ corrections
i
; (2.4)

b(x) =
6
5

h
(C2u

� 1
2

C2d

)
q(x)� q̄(x)
q(x)+ q̄(x)

+ corrections
i
, (2.5)

2

-allows clean separation of a(x) and b(x) terms 
-clean separation of the combinations of WNC couplings: 

• Measurements over wide range of Q^2 and y at EIC:
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Figure 4.2: Projected statistical uncertainties on the sin2 ✓
W

in a series of Q2 bins (
p
s = 140

GeV, 200 fb�1.) The black points are published results while the blue points are projections
from the JLab program.

This an active field with new experimental
tools under development, as described in re-
cent reviews [315, 316, 317].

At the EIC, the availability of high lumi-
nosity collisions of polarized electrons with
polarized 1H and 2H would allow the con-
struction of parity-violating observables that
are sensitive to all four semi-leptonic cou-
pling constants introduced above. The ob-
servable with the best sensitivity to cleanly
measure coupling constants without signifi-
cant theoretical uncertainty is A

PV

in e�2H
collisions. A

PV

is constructed by averaging
over the hadron polarization and measuring
the fractional di↵erence in the deep inelas-
tic scattering (DIS) rate for right-handed vs
left-handed electron bunches.

The collider environment and the her-
metic detector package at high luminosity
will allow precision measurements of A

PV

over a wide kinematic range. In particu-
lar, the EIC will provide the opportunity to
make highly precise measurements of A

PV

at
high values of the 4-momentum transfer Q2,
and in the range 0.2<⇠x<⇠ 0.5 for the frac-
tion of the nucleon momentum carried by the
struck quark, such that hadronic uncertain-

ties from limited knowledge of parton distri-
bution functions and higher-twist e↵ects are
expected to be negligible.

By mapping A
PV

as a function of Q2

and the inelasticity of the scattered electron
y (something that is very challenging to do
in fixed target experiments), a clean separa-
tion of two linear combination of couplings
namely 2C

1u

� C
1d

and 2C
2u

� C
2d

will be-
come feasible as a function of Q2. Thus, at
the highest luminosities and center-of-mass
energies envisioned at the EIC, very precise
measurements of these combinations can be
achieved at a series of Q2 values, providing
an important and complementary validation
of the electroweak theory at the quantum
loop level. Figure 4.2 shows a first estimate
of projected uncertainties on the weak mix-
ing angle extracted from such a dataset [2],
for a center-of-mass energy of 140 GeV and
an integrated luminosity of 200 fb�1. The
e↵ects of radiative corrections and detector
e↵ects need to be considered in the future to
further refine this study.

A unique feature of DIS A
PV

measure-
ments is the sensitivity to the C

2i

coupling
constants that involve the amplitudes with
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, Only this combination is 
affected by leptophobic Z’s

• JLab would be sensitive to leptophobic Z’s with mass less than 150 GeV.

• EIC can match the 12 GeV JLab measurement with ~ 75 fb-1 .

• EIC can improve by a factor of 2 or 3 at 100 fb-1 .
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Lepton Flavor Violation

• Discovery of neutrino oscillations indicate that neutrinos have mass!

• Neutrino oscillations imply Lepton Flavor Violation (LFV).

• LFV in the neutrinos also implies Charged Lepton Flavor Violation (CLFV):

6.3 Electron-to-Tau conversion

Abhay Deshpande, Cyrus Faroughy, Matthew Gonderinger, Krishna Kumar, Swad-
hin Taneja

6.3.1 Introduction and Motivation

Every conservation law in the Standard Model (SM) is anticipated to have a symme-
try associated with it. We have no knowledge of a symmetry that asserts Lepton Flavor
Conservation in the Standard Model (SM) of particle physics and yet its (direct) violation
has never been seen. Although discovery of neutrino oscillations [1214, 1215] indicates that
charged Lepton Flavor Violation (LFV) processes such as µ → eγ should be allowed (within
the SM), its rate is expected to be very small (BR(µ → eγ) < 10−54) due to the very small
values of the neutrino masses. This level of sensitivity is beyond the reach of any present
or planned experiment. However, many models of physics Beyond the SM (BSM) predict
rates of charged lepton flavor violation significantly higher than those within the SM, some
of them even within the reach of present or planned experiments. LFV hence becomes a
very attractive process for experimental discovery of physics beyond the Standard Model.

Many searches for specific reactions which violate lepton flavor have been performed.
The most sensitive include searches for µ+N → e+N using low energy muons (from the
SINDRUM II collaboration [1216]), the muon decay µ → eγ (MEGA collaboration [1217,
1218]), and decays of kaons ([1219]). The limits from these processes, though extremely
precise, are all sensitive to e ↔ µ transitions (abbreviated LFV(1,2)) and not to e ↔ τ
transitions (LFV(1,3)). Also, each of these processes involve specific quark flavors: in
some, only the 1st generation quarks participate; in others the same quark flavor must
couple to the initial and final leptons, or strange quarks must participate. These stringent
bounds are related to the opportunities for such searches afforded by specific experimental
apparatuses. None of these searches involved the τ lepton either in the initial or in the final
state. Since a general model with lepton flavor violation may involve a τ lepton and also
initial and final state quarks of different flavors (not necessarily including strange quarks),
the above measurements would be blind to such LFV mechanisms. Existing best limits on
e ↔ τ conversion come from the BaBar Collaboration (τ → eγ) [1220] and the BELLE
Collaboration (τ → 3e) [1221]. These are notably worse than the limits on e ↔ µ by several
orders of magnitude. LFV searches at proposed future experiments would further improve
limits on e ↔ µ transitions.

The search for LFV involving τ leptons has been performed by the high energy lepton
- hadron collider experiments H1 and ZEUS. The LFV process could proceed via exchange
of a leptoquark (LQ), a color triplet boson – scalar or vector – with both lepton and
baryon quantum numbers which appears naturally in many extensions of the SM such as
GUTs, supersymmetry, compositeness, and technicolor (for a concise review of LFV in
several such models, see [1222]). The most recent limits on the search for ep → µX and
ep → τX were set by the H1 collaboration using HERA collisions at 320 GeV center-of-mass
energy and an integrated luminosity of 0.5 fb−1. They did not find any evidence for lepton
flavor violation [1223, 1224], and in turn they put limits on the mass and couplings of the
leptoquarks in the Buchmüller-Rückl-Wyler (BRW) effective model [1225].

A high energy, high luminosity electron-proton/ion collider (EIC) is being considered
by the US nuclear science community with a variable center-of-mass energy of 50 → 160
GeV and with 100 − 1000 times the accumulated luminosity of HERA over a comparable
operation time, see sections 7.1 and 7.2. In a recent study [1226] it has been argued that a
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However, SM rate for CLFV is tiny 
due to small neutrino masses

• No hope of detecting such small 
rates for CLFV at any present or 
future planned experiments!



Lepton Flavor Violation in BSM
• However, many BSM scenarios predict enhanced CLFV rates:

• Enhanced rates for CLFV in BSM scenarios make them experimentally 
accessible.

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...
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F(x, y) =
�y x̂+ x ŷp
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Figure 6.6: Some of the diagrams that contribute to the process µ− → e−γ in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by ×). Diagrams (a), (b), and (c)
contribute to constraints on the off-diagonal elements of m2

e , m
2
L, and ae, respectively.

6.4 Hints of an Organizing Principle

Fortunately, there is already good experimental evidence that some powerful organizing principle must
govern the soft supersymmetry breaking Lagrangian. This is because most of the new parameters in
eq. (6.3.1) imply flavor mixing or CP violating processes of the types that are severely restricted by
experiment [78]-[103].

For example, suppose that m2
e is not diagonal in the basis (ẽR, µ̃R, τ̃R) of sleptons whose superpart-

ners are the right-handed parts of the Standard Model mass eigenstates e, µ, τ . In that case, slepton
mixing occurs, so the individual lepton numbers will not be conserved, even for processes that only
involve the sleptons as virtual particles. A particularly strong limit on this possibility comes from the
experimental bound on the process µ → eγ, which could arise from the one-loop diagram shown in
Figure 6.6a. The symbol “×” on the slepton line represents an insertion coming from −(m2

e)21µ̃
∗
RẽR

in LMSSM
soft , and the slepton-bino vertices are determined by the weak hypercharge gauge coupling [see

Figures 3.3g,h and eq. (3.4.9)]. The result of calculating this diagram gives [80, 83], approximately,
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(6.4.1)

where it is assumed for simplicity that both ẽR and µ̃R are nearly mass eigenstates with almost degener-
ate squared masses m2

!̃R
, that m2

µ̃∗
R ẽR

≡ (m2
e)21 = [(m2

e)12]
∗ can be treated as a perturbation, and that

the bino B̃ is nearly a mass eigenstate. This result is to be compared to the present experimental upper
limit Br(µ → eγ)exp < 1.2 × 10−11 from [104]. So, if the right-handed slepton squared-mass matrix
m2

e were “random”, with all entries of comparable size, then the prediction for Br(µ → eγ) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on µ̃R, ẽR squared-mass mixing becomes correspondingly more severe. There are also contributions to
µ → eγ that depend on the off-diagonal elements of the left-handed slepton squared-mass matrix m2

L,
coming from the diagram shown in fig. 6.6b involving the charged wino and the sneutrinos, as well as
diagrams just like fig. 6.6a but with left-handed sleptons and either B̃ or W̃ 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for ẽL, µ̃L either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that
mix left-handed and right-handed sleptons with different lepton flavors. For example, LMSSM

soft contains
ẽaeL̃Hd + c.c. which implies terms −〈H0

d〉(ae)12ẽ∗Rµ̃L − 〈H0
d〉(ae)21µ̃∗

RẽL + c.c. These also contribute
to µ → eγ, as illustrated in fig. 6.6c. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[83]. Similarly, (ae)13, (ae)31 and (ae)23, (ae)32 are constrained, although more weakly [84], by the
experimental limits on Br(τ → eγ) and Br(τ → µγ).
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Figure 6.6: Some of the diagrams that contribute to the process µ− → e−γ in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by ×). Diagrams (a), (b), and (c)
contribute to constraints on the off-diagonal elements of m2

e , m
2
L, and ae, respectively.
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the slepton squared-mass matrices must not have significant mixings for ẽL, µ̃L either.
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Enhancement of CLFV in Minimal Flavor Violation Scenario

• In the absence of Yukawa couplings, the SM has a global symmetry in the 
quark sector:

quantum numbers, are very heavy. This solution is theoretically unappealing and largely
non-testable. A more appealing scenario is to assume that the new flavor-changing cou-
plings appearing in SM extensions are suppressed by some symmetry principle. The most
restrictive and predictive symmetry principle of this type is the so-called Minimal Flavor
Violation (MFV) hypothesis [1, 2, 3]: the assumption that the SM Yukawa couplings are
the only sources of quark-flavor symmetry breaking. In this case all the cancellations
that render FCNC automatically small in the SM apply just as well to the new degrees
of freedom, allowing for very reasonable mass scales of the new particles. Interestingly,
the MFV hypothesis can be formulated in a very general way in terms of an effective
field theory [3], without the need of specifying the nature of the new degrees of freedom.
In a theory where the new degrees of freedom also carry lepton flavor quantum numbers,
it is natural to expect that a similar mechanism occurs also in the lepton sector.

In this paper we extend the notion of MFV to the lepton sector. In other words,
we define and analyze a consistent class of SM extensions where the sources of LFV are
linked in a minimal way to the known structure of the neutrino and charged-lepton mass
matrices. This allows us to address in a general way several interesting questions. In
particular, we shall analyze the general requirements about the scale of new physics under
which we can expect observable effects in low-energy rare LFV processes, such as µ → eγ
and µ-to-e conversion in nuclei, without requiring the existence of new uncontrollable
sources of lepton flavor mixing. We shall also identify some model-independent relations
among different LFV observables which could allow to falsify this general hypothesis
about the flavor structure of physics beyond the SM.

The large difference between charged lepton and neutrino masses is naturally at-
tributed to the breaking of total lepton number. This assumption has very important
consequences to estimate the overall size of the LFV terms. As we shall show, only
by decoupling the mechanisms of lepton flavor mixing and lepton number violation can
we generate sizable LFV amplitudes in the charged-lepton sector. Since lepton flavor
and lepton number correspond to two independent symmetry groups, this decoupling
can naturally be implemented in an effective field theory approach with the minimal
particle content, namely without introducing right-handed neutrino fields. However, in
most explicit SM extensions this result is achieved by means of the see-saw mechanism
with heavy right-handed neutrinos. For this reason, we shall consider two main possi-
bilities in order to define the minimal sources of flavor symmetry breaking in the lepton
sector: i) a scenario without right-handed neutrinos, where the (left-handed) Majorana
mass matrix is the only irreducible source of flavor symmetry breaking; ii) a scenario
with right-handed neutrinos, where the Yukawa couplings define the irreducible sources
of flavor symmetry breaking and the (right-handed) Majorana mass matrix has a trivial
flavor structure.

2 Minimal breaking of the lepton flavor symmetry

In the absence of Yukawa couplings, the flavor symmetry of the quark sector of the SM
would be SU(3)Q × SU(3)U × SU(3)D corresponding to individual rotations of the Qi

L,
ui

R and di
R fields (the left-handed quark doublet and the two right-handed quark singlets)

2

for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
GLF = SU(3)L × SU(3)E . (1)

The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
mass term transforming as (6, 1) under GLF. Because of the SU(2)L gauge symmetry, this
mass term cannot be generated by renormalizable interactions. Moreover, the absence
of right-handed neutrino fields requires the breaking of total lepton number. We define
the MLFV hypothesis in this case as follows:

1. The breaking of the U(1)LN is independent from the breaking of the lepton flavor
symmetry (GLF) and is associated to a very high scale ΛLN.

2. There are only two irreducible sources of lepton-flavor symmetry breaking, λij
e and

gij
ν , defined by1

LSym.Br. = −λij
e ēi

R(H†Lj
L) −

1

2ΛLN
gij

ν (L̄ci
Lτ2H)(HT τ2L

j
L) + h.c. (2)

→ −vλij
e ēi

Rej
L −

v2

2ΛLN
gij

ν ν̄ci
L νj

L + h.c. (3)

The smallness of the neutrino mass is attributed to the smallness of v/ΛLN, while
gij

ν can have entries of O(1) as in the standard see-saw mechanism.
1 Throughout this paper we use four-component spinor fields, and ψc = −iγ2ψ∗ denotes the charge

conjugate of the field ψ. We also use v = 〈H0〉 & 174 GeV.
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• In the absence of Yukawa couplings, the SM has a global symmetry in the 
lepton sector:

• These global symmetries are broken by the Yukawa matrices:

• Basic idea of Minimal Flavor Violation is that the flavor structure of the new 
physics is also governed entirely by these Yukawa matrices:

-allows a natural explanation of small FCNCs observed in the SM.     
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• Then the SM is invariant under these global symmetries.

• MFV realized via a spurion analysis.

quantum numbers, are very heavy. This solution is theoretically unappealing and largely
non-testable. A more appealing scenario is to assume that the new flavor-changing cou-
plings appearing in SM extensions are suppressed by some symmetry principle. The most
restrictive and predictive symmetry principle of this type is the so-called Minimal Flavor
Violation (MFV) hypothesis [1, 2, 3]: the assumption that the SM Yukawa couplings are
the only sources of quark-flavor symmetry breaking. In this case all the cancellations
that render FCNC automatically small in the SM apply just as well to the new degrees
of freedom, allowing for very reasonable mass scales of the new particles. Interestingly,
the MFV hypothesis can be formulated in a very general way in terms of an effective
field theory [3], without the need of specifying the nature of the new degrees of freedom.
In a theory where the new degrees of freedom also carry lepton flavor quantum numbers,
it is natural to expect that a similar mechanism occurs also in the lepton sector.

In this paper we extend the notion of MFV to the lepton sector. In other words,
we define and analyze a consistent class of SM extensions where the sources of LFV are
linked in a minimal way to the known structure of the neutrino and charged-lepton mass
matrices. This allows us to address in a general way several interesting questions. In
particular, we shall analyze the general requirements about the scale of new physics under
which we can expect observable effects in low-energy rare LFV processes, such as µ → eγ
and µ-to-e conversion in nuclei, without requiring the existence of new uncontrollable
sources of lepton flavor mixing. We shall also identify some model-independent relations
among different LFV observables which could allow to falsify this general hypothesis
about the flavor structure of physics beyond the SM.

The large difference between charged lepton and neutrino masses is naturally at-
tributed to the breaking of total lepton number. This assumption has very important
consequences to estimate the overall size of the LFV terms. As we shall show, only
by decoupling the mechanisms of lepton flavor mixing and lepton number violation can
we generate sizable LFV amplitudes in the charged-lepton sector. Since lepton flavor
and lepton number correspond to two independent symmetry groups, this decoupling
can naturally be implemented in an effective field theory approach with the minimal
particle content, namely without introducing right-handed neutrino fields. However, in
most explicit SM extensions this result is achieved by means of the see-saw mechanism
with heavy right-handed neutrinos. For this reason, we shall consider two main possi-
bilities in order to define the minimal sources of flavor symmetry breaking in the lepton
sector: i) a scenario without right-handed neutrinos, where the (left-handed) Majorana
mass matrix is the only irreducible source of flavor symmetry breaking; ii) a scenario
with right-handed neutrinos, where the Yukawa couplings define the irreducible sources
of flavor symmetry breaking and the (right-handed) Majorana mass matrix has a trivial
flavor structure.

2 Minimal breaking of the lepton flavor symmetry

In the absence of Yukawa couplings, the flavor symmetry of the quark sector of the SM
would be SU(3)Q × SU(3)U × SU(3)D corresponding to individual rotations of the Qi

L,
ui

R and di
R fields (the left-handed quark doublet and the two right-handed quark singlets)
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for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
GLF = SU(3)L × SU(3)E . (1)

The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
mass term transforming as (6, 1) under GLF. Because of the SU(2)L gauge symmetry, this
mass term cannot be generated by renormalizable interactions. Moreover, the absence
of right-handed neutrino fields requires the breaking of total lepton number. We define
the MLFV hypothesis in this case as follows:

1. The breaking of the U(1)LN is independent from the breaking of the lepton flavor
symmetry (GLF) and is associated to a very high scale ΛLN.

2. There are only two irreducible sources of lepton-flavor symmetry breaking, λij
e and

gij
ν , defined by1

LSym.Br. = −λij
e ēi

R(H†Lj
L) −
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gij

ν (L̄ci
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The smallness of the neutrino mass is attributed to the smallness of v/ΛLN, while
gij

ν can have entries of O(1) as in the standard see-saw mechanism.
1 Throughout this paper we use four-component spinor fields, and ψc = −iγ2ψ∗ denotes the charge

conjugate of the field ψ. We also use v = 〈H0〉 & 174 GeV.
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• And the lepton Yukawa matrices as:

The transformation properties of the lepton field under GLF are

LL → VL LL , eR → VR eR . (4)

Thus the Lagrangian (2) is formally invariant under this symmetry if the matrices λij
e

and gij
ν are taken as spurions transforming as

λe → VR λeV
†
L , gν → V ∗

L gνV
†
L . (5)

Since we are interested in LFV processes with external charged leptons, we can use
the GLF invariance and rotate the fields in the basis where λe is flavor diagonal. In such
basis

λe =
m"

v
=

1

v
diag(me, mµ, mτ ) ,

gν =
ΛLN

v2
Û∗mνÛ

† =
ΛLN

v2
Û∗diag(mν1

, mν2
, mν3

)Û † , (6)

where Û is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix. The latter
can be written as Û = U †

eL
UνL

in terms of the unitary matrices which connect a generic
basis of the lepton fields to the mass-eigenstate basis (denoted by a prime):

eL = UeL
e′L , eR = UeR

e′R , νL = UνL
ν ′

L . (7)

In the basis defined by (6) the simplest spurion combination transforming as (8, 1) under
GLF, or the coupling which controls the amount of LFV in the charged-lepton sector, is2

∆|minimal = g†
νgν =

Λ2
LN

v4
Ûm2

νÛ
† . (8)

2.2 Extended Field Content

The second scenario we consider has three right-handed neutrinos in addition to the
SM fields, with a maximal flavor group GLF × SU(3)νR

. There is a large freedom in
deciding how to break this group in order to generate the observed masses and mixing.
In addition to the standard Yukawa coupling for the charged leptons, in principle we
can introduce neutrino mass terms transforming as (6, 1, 1), (1, 1, 6), and (3̄, 1, 3). Since
we are interested in a minimal scenario, with unambiguous links between the irreducible
sources of flavor-symmetry breaking and the observable couplings in the neutrino mass
matrix, we must choose only one of these possibilities. In order to distinguish this
scenario from the previous one, and guided by the structure of explicit models with
see-saw mechanism (see e.g. Ref. [4]), we make the following assumptions:

1. The right-handed neutrino mass term breaks SU(3)νR
to O(3)νR

, namely is pro-
portional to the identity matrix in flavor space:

LνR-mass = −
1

2
M ij

ν ν̄ci
Rνj

R + h.c. with M ij
ν = Mνδ

ij . (9)

2 g†νgν also contains a (1, 1) piece under GLF. However, it does not contribute to lepton flavor
violation. Note also that if CP were an exact symmetry, VL in Eq. (5) would be required to be real,
and therefore ∆minimal = gν .
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for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
GLF = SU(3)L × SU(3)E . (1)

The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
mass term transforming as (6, 1) under GLF. Because of the SU(2)L gauge symmetry, this
mass term cannot be generated by renormalizable interactions. Moreover, the absence
of right-handed neutrino fields requires the breaking of total lepton number. We define
the MLFV hypothesis in this case as follows:

1. The breaking of the U(1)LN is independent from the breaking of the lepton flavor
symmetry (GLF) and is associated to a very high scale ΛLN.

2. There are only two irreducible sources of lepton-flavor symmetry breaking, λij
e and
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for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
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The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content
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e ēi

R(H†Lj
L) −

1

2ΛLN
gij

ν (L̄ci
Lτ2H)(HT τ2L

j
L) + h.c. (2)

→ −vλij
e ēi
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Note that the assumption of CP conservation forces us to choose the PMNS phase
δ = 0 or π. Hence,

∆µe =
Mν

v2

1√
2

[s c (mν2
− mν1

) ± s13 (mν3
− mν1

)] ≡
Mν

v
bµe ,

∆τe =
Mν

v2

1√
2

[−s c (mν2
− mν1

) ± s13 (mν3
− mν1

)] ≡
Mν

v
bτe ,

∆τµ =
Mν

v2

1

2

[
−c2 (mν2

− mν1
) + (mν3

− mν1
)
]
≡

Mν

v
bτµ , (24)

where the + and − signs correspond to δ = 0 and π, respectively. In the normal
hierarchy case (ν1 is the lightest neutrino), one has:

mν2
− mν1

mν1→0
−→

√
∆m2

sol , mν3
− mν1

mν1→0
−→

√
∆m2

atm , (25)

while in the inverted hierarchy case (ν3 is the lightest neutrino)

mν2
− mν1

mν3→0
−→

∆m2
sol

2
√

∆m2
atm

, mν3
− mν1

mν3→0
−→ −

√
∆m2

atm . (26)

After using input from oscillation experiments, the couplings bij still depend on the
spectrum ordering, the lightest neutrino mass, and the value of s13 (the dependence
from δ has disappeared because of the assumption of CP conservation).

4 Phenomenology

We are now ready to analyze the phenomenological implications of the new LFV oper-
ators. In particular, we are interested in answering the following questions: (i) under
which conditions on the new physics scales ΛLN (or Mν) and ΛLFV can we expect ob-
servable effects in low energy reactions and therefore positive signals in forthcoming
experiments? (ii) is there a specific pattern in the decay rates predicted by MLFV? Can
we use it to falsify the assumption of minimal flavor violation?

In order to address these issues, we will study the rates for µ → e conversion in nuclei
ΓA

conv ≡ Γ(µ− + A(N, Z) → e− + A(N, Z)), experimentally normalized to the capture
rate ΓA

capt ≡ Γ(µ− +A(Z, N) → νµ +A(Z − 1, N +1)), and the radiative decays µ → eγ,
τ → µγ, τ → eγ. Throughout, we will use normalized branching fractions defined as:

BA
µ→e ≡

ΓA
conv

ΓA
capt

, B#i→#jγ ≡
Γ(&i → &jγ)

Γ(&i → &jνiν̄j)
. (27)

The starting point of our analysis is the effective Lagrangian generated at a scale ΛLFV

L =
1

Λ2
LFV

5∑

i=1

c(i)
LLO(i)

LL +
1

Λ2
LFV

(
2∑

j=1

c(j)
RLO(j)

RL + h.c.

)

(28)

In principle one should evolve this Lagrangian down to the mass of the decaying particles.
However, for the purpose of the present work we shall neglect the effect of electroweak

8

• Dimension-5 operator that generates Majorana neutrino mass violates 
lepton number and is suppressed by the scale of lepton number violating 
physics: 

Minimal Flavor Violation with 
Majorana Neutrino Mass

• Generalize MFV to include Majorana neutrino mass effect by treating         
as another spurion field that transforms as:

for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
GLF = SU(3)L × SU(3)E . (1)

The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
mass term transforming as (6, 1) under GLF. Because of the SU(2)L gauge symmetry, this
mass term cannot be generated by renormalizable interactions. Moreover, the absence
of right-handed neutrino fields requires the breaking of total lepton number. We define
the MLFV hypothesis in this case as follows:

1. The breaking of the U(1)LN is independent from the breaking of the lepton flavor
symmetry (GLF) and is associated to a very high scale ΛLN.

2. There are only two irreducible sources of lepton-flavor symmetry breaking, λij
e and

gij
ν , defined by1

LSym.Br. = −λij
e ēi
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Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
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of right-handed neutrino fields requires the breaking of total lepton number. We define
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2ΛLN
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e ēi

Rej
L −

v2

2ΛLN
gij

ν ν̄ci
L νj

L + h.c. (3)

The smallness of the neutrino mass is attributed to the smallness of v/ΛLN, while
gij

ν can have entries of O(1) as in the standard see-saw mechanism.
1 Throughout this paper we use four-component spinor fields, and ψc = −iγ2ψ∗ denotes the charge

conjugate of the field ψ. We also use v = 〈H0〉 & 174 GeV.
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The transformation properties of the lepton field under GLF are

LL → VL LL , eR → VR eR . (4)

Thus the Lagrangian (2) is formally invariant under this symmetry if the matrices λij
e

and gij
ν are taken as spurions transforming as

λe → VR λeV
†
L , gν → V ∗

L gνV
†
L . (5)

Since we are interested in LFV processes with external charged leptons, we can use
the GLF invariance and rotate the fields in the basis where λe is flavor diagonal. In such
basis

λe =
m"

v
=

1

v
diag(me, mµ, mτ ) ,

gν =
ΛLN

v2
Û∗mνÛ

† =
ΛLN

v2
Û∗diag(mν1

, mν2
, mν3

)Û † , (6)

where Û is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix. The latter
can be written as Û = U †

eL
UνL

in terms of the unitary matrices which connect a generic
basis of the lepton fields to the mass-eigenstate basis (denoted by a prime):

eL = UeL
e′L , eR = UeR

e′R , νL = UνL
ν ′

L . (7)

In the basis defined by (6) the simplest spurion combination transforming as (8, 1) under
GLF, or the coupling which controls the amount of LFV in the charged-lepton sector, is2

∆|minimal = g†
νgν =

Λ2
LN

v4
Ûm2

νÛ
† . (8)

2.2 Extended Field Content

The second scenario we consider has three right-handed neutrinos in addition to the
SM fields, with a maximal flavor group GLF × SU(3)νR

. There is a large freedom in
deciding how to break this group in order to generate the observed masses and mixing.
In addition to the standard Yukawa coupling for the charged leptons, in principle we
can introduce neutrino mass terms transforming as (6, 1, 1), (1, 1, 6), and (3̄, 1, 3). Since
we are interested in a minimal scenario, with unambiguous links between the irreducible
sources of flavor-symmetry breaking and the observable couplings in the neutrino mass
matrix, we must choose only one of these possibilities. In order to distinguish this
scenario from the previous one, and guided by the structure of explicit models with
see-saw mechanism (see e.g. Ref. [4]), we make the following assumptions:

1. The right-handed neutrino mass term breaks SU(3)νR
to O(3)νR

, namely is pro-
portional to the identity matrix in flavor space:

LνR-mass = −
1

2
M ij

ν ν̄ci
Rνj

R + h.c. with M ij
ν = Mνδ

ij . (9)

2 g†νgν also contains a (1, 1) piece under GLF. However, it does not contribute to lepton flavor
violation. Note also that if CP were an exact symmetry, VL in Eq. (5) would be required to be real,
and therefore ∆minimal = gν .
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eL
UνL

in terms of the unitary matrices which connect a generic
basis of the lepton fields to the mass-eigenstate basis (denoted by a prime):

eL = UeL
e′L , eR = UeR

e′R , νL = UνL
ν ′

L . (7)

In the basis defined by (6) the simplest spurion combination transforming as (8, 1) under
GLF, or the coupling which controls the amount of LFV in the charged-lepton sector, is2

∆|minimal = g†
νgν =

Λ2
LN

v4
Ûm2

νÛ
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to the MLFV hypothesis, these operators must be constructed in terms of SM fields and
the spurions λe and gν (or λν), and must be invariant under GLF when the spurions
transform as in Eqs. (5) or (11).

We are interested in those operators of dimension five and six that could lead to LFV
process with charged leptons. These operators must conserve total lepton number, oth-
erwise they would be suppressed by the large U(1)LN breaking scale. As a consequence,
no dimension-five term turns out to be relevant. For processes involving only two lepton
fields, such as µ → eγ and µ-to-e conversion, the basic building blocks are the bilinears
L̄i

LΓLj
L, ēi

RΓLj
L and ēi

RΓej
R. Their indexes must be contracted with spurion combina-

tions transforming under GLF as (8, 1), (3̄, 3) and (1, 8), respectively. Combinations of
this type are

(8, 1) ∆, λ†
eλe, ∆

2, λ†
eλe∆, . . . (15)

(3̄, 3) λe, λe∆, λeλ
†
eλe , . . . (16)

(1, 8) λeλ
†
e, λe∆λ†

e , . . . (17)

where ∆ is defined in Eqs. (8) or (14) for the two scenarios. Given the smallness of λe

(which is unambiguously fixed by charged lepton masses), we can safely neglect terms
which are of second order in λe. We shall also assume that the entries of ∆ are per-
turbative, retaining only linear terms in this effective coupling. In this limit the only
relevant LFV couplings are ∆ and λe∆. Moreover, we work only to linear order in the
quark Yukawa couplings, λU and λD.

The resulting dimension-six operators bilinear in the lepton fields can be written as

O(1)
LL = L̄Lγµ∆LL H†iDµH

O(2)
LL = L̄Lγµτa∆LL H†τaiDµH

O(3)
LL = L̄Lγµ∆LL Q̄LγµQL

O(4d)
LL = L̄Lγµ∆LL d̄RγµdR

O(4u)
LL = L̄Lγµ∆LL ūRγµuR

O(5)
LL = L̄Lγµτa∆LL Q̄Lγµτ

aQL

O(1)
RL = g′H†ēRσµνλe∆LL Bµν

O(2)
RL = gH†ēRσµντaλe∆LL W a

µν

O(3)
RL = (DµH)†ēRλe∆DµLL

O(4)
RL = ēRλe∆LL Q̄LλDdR

O(5)
RL = ēRσµνλe∆LL Q̄LσµνλDdR

O(6)
RL = ēRλe∆LL ūRλ†

U iτ 2QL

O(7)
RL = ēRσµνλe∆LL ūRσµνλ

†
U iτ 2QL

(18)

We have omitted operators of the type H†ēRλeLL H†H , which correct the charged lepton
mass matrix but produce no FCNC interactions.

The operator O(3)
RL does not contribute to the radiative lepton flavor changing decays

%i → %jγ, and its contribution to µ-e conversion is suppressed by memµ/v2. The MFV
assumption in the quark sector requires the RL operators with a quark current to contain
at least one power of the quark Yukawa couplings λD or λU . Only the top-quark Yukawa
is non-negligible, and hence, for the low energy processes we consider O(4)

RL–O(7)
RL can be

neglected.
Since the top quark Yukawa is order one, in principle, operators involving higher

orders in λU could be important. They induce non-negligible FCNC currents in the
down-quark sector of the type VCKMtiVCKM

∗
tj d̄

i
Lγµdj

L [3]. For µ-to-e conversion only the
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RL = gH†ēRσµντaλe∆LL W a

µν

O(3)
RL = (DµH)†ēRλe∆DµLL
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RL = ēRλe∆LL ūRλ†
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• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

ep ! ⌧X (1)

(rare CLFV decays)

(3̄, 3) (2)

p
s ⇠ 90 GeV (3)

L ⇠ 10 fb�1 (4)

p
s ⇠ 320 GeV (5)

L ⇠ 0.5 fb�1 (6)

(µ ! e conversion in nuclei) (7)

µ ! e� (8)

⌧ ! e� (9)

for i = 1, 2, 3. Models with MFV have only two independent sources of breaking of this
group, namely the two Yukawa couplings λU and λD. Each of them breaks the symmetry
in a specific way: in the spurion sense, λU transforms as a (3, 3̄, 1) while λD as a (3, 1, 3̄).
In MFV models any higher dimension operator that describes long distance remnants
of very short distance physics must be invariant under the full flavor symmetry group
when the couplings λU and λD are taken to transform as spurions as above [3].

In order to define a similar minimal flavor violating structure for the leptons, we first
need to specify the field content of the theory in the lepton sector. As anticipated, we
shall consider two cases:

1. Minimal field content: three left-handed lepton doublets Li
L and three right-handed

charged lepton singlets ei
R (SM field content). In this case the lepton flavor sym-

metry group is
GLF = SU(3)L × SU(3)E . (1)

The lepton sector is also invariant under two U(1) symmetries, which can be iden-
tified with total lepton number, U(1)LN, and the weak hypercharge.

2. Extended field content: three right-handed neutrinos, νi
R, in addition to the SM

fields. In this case the field content of the lepton sector is very similar to that of
the quark sector, with a maximal flavor group GLF × SU(3)νR

.

In the following we shall define separately the assumptions of Minimal Lepton Flavor
Violation (MLFV) in these two cases.

2.1 Minimal Field Content

In this case the minimal choice for the neutrino mass matrix is a left-handed Majorana
mass term transforming as (6, 1) under GLF. Because of the SU(2)L gauge symmetry, this
mass term cannot be generated by renormalizable interactions. Moreover, the absence
of right-handed neutrino fields requires the breaking of total lepton number. We define
the MLFV hypothesis in this case as follows:

1. The breaking of the U(1)LN is independent from the breaking of the lepton flavor
symmetry (GLF) and is associated to a very high scale ΛLN.

2. There are only two irreducible sources of lepton-flavor symmetry breaking, λij
e and

gij
ν , defined by1
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The smallness of the neutrino mass is attributed to the smallness of v/ΛLN, while
gij

ν can have entries of O(1) as in the standard see-saw mechanism.
1 Throughout this paper we use four-component spinor fields, and ψc = −iγ2ψ∗ denotes the charge

conjugate of the field ψ. We also use v = 〈H0〉 & 174 GeV.
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coupling to light quarks is relevant, and this additional contribution is suppressed by
|VCKMtd|2 ! 1.

In this paper we shall analyze the phenomenological consequences of the MLFV
hypothesis only in processes involving two lepton fields, for which significant prospects
of experimental improvements are foreseen in the near future [5, 6]. However, one can in
principle apply it also to four-lepton processes, such as µ → 3e. In this case one needs
to extend the operator basis (18) including the generalization of O(3−5)

LL , namely

L̄Lγµ∆LL L̄LγµLL , L̄Lγµ∆LL ēRγµeR , L̄Lγµτa∆LL L̄Lγµτ
aLL , (19)

and also new structures of the type

L̄c
LgνLL L̄Lg†

νL
c
L or L̄c

LλT
ν λνLL L̄Lλ†

νλ
∗
νL

c
L . (20)

3.1 Explicit structure of the LFV couplings

Given the structure of operators in Eq. (18), it is clear that the strength of LFV processes
is determined by the entries of the matrix ∆ in the mass-eigenstate basis of charged
leptons. These are listed below for the two scenarios we are considering, and for the two
allowed structures (normal and inverted hierarchy) of the neutrino mass matrix:

1. Minimal field content. According to Eq. (8), we have

∆ij =
Λ2

LN

v4

[
m2

ν1
δij + Ûi2Û

∗
j2 ∆m2

sol ± Ûi3Û
∗
j3 ∆m2

atm

]
, (21)

where ∆m2
atm and ∆m2

sol denote the squared mass differences deduced from at-
mospheric and solar neutrino data, respectively. The plus sign corresponds to
normal hierarchy (mν1

< mν2
! mν3

), while the minus one to the inverted case
(mν3

! mν1
< mν2

). Explicitly, using the PDG notation of the PMNS matrix (we
adopt the convention that s13 ≥ 0 and 0 ≤ δ < 2π) [9], we find

∆µe =
Λ2

LN

v4

1√
2

(
s c ∆m2

sol ± s13 eiδ ∆m2
atm

)
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Λ2
LN

v2
aµe ,

∆τe =
Λ2

LN

v4

1√
2

(
−s c ∆m2

sol ± s13 eiδ ∆m2
atm

)
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LN

v2
aτe ,

∆τµ =
Λ2

LN

v4

1

2

(
−c2 ∆m2

sol ± ∆m2
atm

)
≡

Λ2
LN

v2
aτµ , (22)

where we have assumed maximal mixing for the atmospheric case and s and c
denote sine and cosine of the solar mixing angle. In a given scenario for the
spectrum (normal or inverted), the dimensionless couplings aij are completely fixed
by oscillation experiments modulo the dependence on the combination s13eiδ.

2. Extended field content. According to Eq. (14), assuming CP conservation in the
lepton sector we have

∆ij =
Mν

v2

[
mν1

δij + Ûi2Ûj2 (mν2
− mν1

) + Ûi3Ûj3 (mν3
− mν1

)
]

. (23)
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∗
j2 ∆m2

sol ± Ûi3Û
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δij + Ûi2Ûj2 (mν2
− mν1

) + Ûi3Ûj3 (mν3
− mν1

)
]

. (23)

7

coupling to light quarks is relevant, and this additional contribution is suppressed by
|VCKMtd|2 ! 1.

In this paper we shall analyze the phenomenological consequences of the MLFV
hypothesis only in processes involving two lepton fields, for which significant prospects
of experimental improvements are foreseen in the near future [5, 6]. However, one can in
principle apply it also to four-lepton processes, such as µ → 3e. In this case one needs
to extend the operator basis (18) including the generalization of O(3−5)

LL , namely

L̄Lγµ∆LL L̄LγµLL , L̄Lγµ∆LL ēRγµeR , L̄Lγµτa∆LL L̄Lγµτ
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• It transforms as:

• In terms of neutrino mass squared differences and mixing angles:

    

[Cirigliano,Grinstein,Isidori, Wise]



Minimal Flavor Violation

• Enhanced rates for CLFV in BSM scenarios make them experimentally 
accessible.

• In the absence of Yukawa couplings

to the MLFV hypothesis, these operators must be constructed in terms of SM fields and
the spurions λe and gν (or λν), and must be invariant under GLF when the spurions
transform as in Eqs. (5) or (11).

We are interested in those operators of dimension five and six that could lead to LFV
process with charged leptons. These operators must conserve total lepton number, oth-
erwise they would be suppressed by the large U(1)LN breaking scale. As a consequence,
no dimension-five term turns out to be relevant. For processes involving only two lepton
fields, such as µ → eγ and µ-to-e conversion, the basic building blocks are the bilinears
L̄i

LΓLj
L, ēi

RΓLj
L and ēi

RΓej
R. Their indexes must be contracted with spurion combina-

tions transforming under GLF as (8, 1), (3̄, 3) and (1, 8), respectively. Combinations of
this type are

(8, 1) ∆, λ†
eλe, ∆

2, λ†
eλe∆, . . . (15)

(3̄, 3) λe, λe∆, λeλ
†
eλe , . . . (16)

(1, 8) λeλ
†
e, λe∆λ†

e , . . . (17)

where ∆ is defined in Eqs. (8) or (14) for the two scenarios. Given the smallness of λe

(which is unambiguously fixed by charged lepton masses), we can safely neglect terms
which are of second order in λe. We shall also assume that the entries of ∆ are per-
turbative, retaining only linear terms in this effective coupling. In this limit the only
relevant LFV couplings are ∆ and λe∆. Moreover, we work only to linear order in the
quark Yukawa couplings, λU and λD.

The resulting dimension-six operators bilinear in the lepton fields can be written as

O(1)
LL = L̄Lγµ∆LL H†iDµH

O(2)
LL = L̄Lγµτa∆LL H†τaiDµH

O(3)
LL = L̄Lγµ∆LL Q̄LγµQL

O(4d)
LL = L̄Lγµ∆LL d̄RγµdR

O(4u)
LL = L̄Lγµ∆LL ūRγµuR

O(5)
LL = L̄Lγµτa∆LL Q̄Lγµτ

aQL

O(1)
RL = g′H†ēRσµνλe∆LL Bµν

O(2)
RL = gH†ēRσµντaλe∆LL W a

µν

O(3)
RL = (DµH)†ēRλe∆DµLL

O(4)
RL = ēRλe∆LL Q̄LλDdR

O(5)
RL = ēRσµνλe∆LL Q̄LσµνλDdR

O(6)
RL = ēRλe∆LL ūRλ†

U iτ 2QL

O(7)
RL = ēRσµνλe∆LL ūRσµνλ

†
U iτ 2QL

(18)

We have omitted operators of the type H†ēRλeLL H†H , which correct the charged lepton
mass matrix but produce no FCNC interactions.

The operator O(3)
RL does not contribute to the radiative lepton flavor changing decays

%i → %jγ, and its contribution to µ-e conversion is suppressed by memµ/v2. The MFV
assumption in the quark sector requires the RL operators with a quark current to contain
at least one power of the quark Yukawa couplings λD or λU . Only the top-quark Yukawa
is non-negligible, and hence, for the low energy processes we consider O(4)

RL–O(7)
RL can be

neglected.
Since the top quark Yukawa is order one, in principle, operators involving higher

orders in λU could be important. They induce non-negligible FCNC currents in the
down-quark sector of the type VCKMtiVCKM

∗
tj d̄

i
Lγµdj

L [3]. For µ-to-e conversion only the
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Note that the assumption of CP conservation forces us to choose the PMNS phase
δ = 0 or π. Hence,

∆µe =
Mν

v2

1√
2

[s c (mν2
− mν1

) ± s13 (mν3
− mν1

)] ≡
Mν

v
bµe ,

∆τe =
Mν

v2

1√
2

[−s c (mν2
− mν1

) ± s13 (mν3
− mν1

)] ≡
Mν

v
bτe ,

∆τµ =
Mν

v2

1

2

[
−c2 (mν2

− mν1
) + (mν3

− mν1
)
]
≡

Mν

v
bτµ , (24)

where the + and − signs correspond to δ = 0 and π, respectively. In the normal
hierarchy case (ν1 is the lightest neutrino), one has:

mν2
− mν1

mν1→0
−→

√
∆m2

sol , mν3
− mν1

mν1→0
−→

√
∆m2

atm , (25)

while in the inverted hierarchy case (ν3 is the lightest neutrino)

mν2
− mν1

mν3→0
−→

∆m2
sol

2
√

∆m2
atm

, mν3
− mν1

mν3→0
−→ −

√
∆m2

atm . (26)

After using input from oscillation experiments, the couplings bij still depend on the
spectrum ordering, the lightest neutrino mass, and the value of s13 (the dependence
from δ has disappeared because of the assumption of CP conservation).

4 Phenomenology

We are now ready to analyze the phenomenological implications of the new LFV oper-
ators. In particular, we are interested in answering the following questions: (i) under
which conditions on the new physics scales ΛLN (or Mν) and ΛLFV can we expect ob-
servable effects in low energy reactions and therefore positive signals in forthcoming
experiments? (ii) is there a specific pattern in the decay rates predicted by MLFV? Can
we use it to falsify the assumption of minimal flavor violation?

In order to address these issues, we will study the rates for µ → e conversion in nuclei
ΓA

conv ≡ Γ(µ− + A(N, Z) → e− + A(N, Z)), experimentally normalized to the capture
rate ΓA

capt ≡ Γ(µ− +A(Z, N) → νµ +A(Z − 1, N +1)), and the radiative decays µ → eγ,
τ → µγ, τ → eγ. Throughout, we will use normalized branching fractions defined as:

BA
µ→e ≡

ΓA
conv

ΓA
capt

, B#i→#jγ ≡
Γ(&i → &jγ)

Γ(&i → &jνiν̄j)
. (27)

The starting point of our analysis is the effective Lagrangian generated at a scale ΛLFV

L =
1

Λ2
LFV

5∑

i=1

c(i)
LLO(i)

LL +
1

Λ2
LFV

(
2∑

j=1

c(j)
RLO(j)

RL + h.c.

)

(28)

In principle one should evolve this Lagrangian down to the mass of the decaying particles.
However, for the purpose of the present work we shall neglect the effect of electroweak
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servable effects in low energy reactions and therefore positive signals in forthcoming
experiments? (ii) is there a specific pattern in the decay rates predicted by MLFV? Can
we use it to falsify the assumption of minimal flavor violation?

In order to address these issues, we will study the rates for µ → e conversion in nuclei
ΓA

conv ≡ Γ(µ− + A(N, Z) → e− + A(N, Z)), experimentally normalized to the capture
rate ΓA

capt ≡ Γ(µ− +A(Z, N) → νµ +A(Z − 1, N +1)), and the radiative decays µ → eγ,
τ → µγ, τ → eγ. Throughout, we will use normalized branching fractions defined as:

BA
µ→e ≡

ΓA
conv

ΓA
capt

, B#i→#jγ ≡
Γ(&i → &jγ)

Γ(&i → &jνiν̄j)
. (27)

The starting point of our analysis is the effective Lagrangian generated at a scale ΛLFV

L =
1

Λ2
LFV

5∑

i=1

c(i)
LLO(i)

LL +
1

Λ2
LFV

(
2∑

j=1

c(j)
RLO(j)

RL + h.c.

)

(28)

In principle one should evolve this Lagrangian down to the mass of the decaying particles.
However, for the purpose of the present work we shall neglect the effect of electroweak
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• CLFV lepton decay in MFV:

∆m2
sol ∆m2

atm θsol smax
13

8.0 × 10−5 eV2 2.5 × 10−3 eV2 33◦ 0.25

Table 1: Reference values of neutrino mixing parameters used in the phenomenological
analysis (for a detailed discussion see e.g. [8]).

corrections and treat the c(i) as effective Wilson coefficients renormalized at the low scale.
In terms of these we find (in the limit m!j

" m!i
)

B!i→!jγ = 384π2e2 v4

Λ4
LFV

|∆ij |2
∣∣∣c(2)

RL − c(1)
RL

∣∣∣
2

(29)

and

BA
µ→e =

32 G2
F m5

µ

ΓA
capt

v4

Λ4
LFV

|∆µe|2
∣∣∣∣∣

((1

4
− s2

w

)
V (p) −

1

4
V (n)

)
(c(1)

LL + c(2)
LL)

+
3

2
(V (p) + V (n)) c(3)

LL + (V (p) +
1

2
V (n)) c(4u)

LL + (
1

2
V (p) + V (n)) c(4d)

LL

+
1

2
(−V (p) + V (n)) c(5)

LL −
eD

4
(c(2)

RL − c(1)
RL)∗

∣∣∣∣∣

2

, (30)

where we use the notation of Ref. [7] for the dimensionless nucleus-dependent overlap
integrals V (n), V (p), D and we denote by sw = sin θw = 0.23 the weak mixing angle.

4.1 Minimal field content

Let us now consider the scenario with minimal field content. By making in Eqs. (29)
and (30) the replacement

v4

Λ4
LFV

|∆ij |2 −→
Λ4

LN

Λ4
LFV

|aij|2 , (31)

one can see that all LFV rates have the following structure

B!i→!j(γ) = 10−50

(
ΛLN

ΛLFV

)4

R!i→!j(γ)(s13, δ; c
(i)) . (32)

The overall numerical factor 10−50 is chosen such that the R!i→!j(γ) have a natural size of
O(1). Its value can easily be understood by noting that |aij|2 ∼< (∆m2

atm/v2)2 ≈ 10−52.
A glance at the explicit structure of the aij in Eq. (22) shows that their size is

maximized for s13 = smax
13 (in both normal and inverted hierarchy), due to ∆m2

atm '
∆m2

sol. In order to derive order-of-magnitude conditions on the ratio ΛLN/ΛLFV, we
consider the reference case defined by s13 = smax

13 , δ = 0, and the reference values quoted
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Table 1: Reference values of neutrino mixing parameters used in the phenomenological
analysis (for a detailed discussion see e.g. [8]).

corrections and treat the c(i) as effective Wilson coefficients renormalized at the low scale.
In terms of these we find (in the limit m!j

" m!i
)

B!i→!jγ = 384π2e2 v4

Λ4
LFV

|∆ij |2
∣∣∣c(2)

RL − c(1)
RL

∣∣∣
2

(29)

and

BA
µ→e =

32 G2
F m5

µ

ΓA
capt

v4

Λ4
LFV

|∆µe|2
∣∣∣∣∣

((1

4
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w

)
V (p) −

1

4
V (n)

)
(c(1)

LL + c(2)
LL)

+
3

2
(V (p) + V (n)) c(3)

LL + (V (p) +
1

2
V (n)) c(4u)
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1

2
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+
1

2
(−V (p) + V (n)) c(5)

LL −
eD

4
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2

, (30)

where we use the notation of Ref. [7] for the dimensionless nucleus-dependent overlap
integrals V (n), V (p), D and we denote by sw = sin θw = 0.23 the weak mixing angle.

4.1 Minimal field content

Let us now consider the scenario with minimal field content. By making in Eqs. (29)
and (30) the replacement

v4

Λ4
LFV

|∆ij |2 −→
Λ4

LN

Λ4
LFV

|aij|2 , (31)

one can see that all LFV rates have the following structure

B!i→!j(γ) = 10−50

(
ΛLN

ΛLFV

)4

R!i→!j(γ)(s13, δ; c
(i)) . (32)

The overall numerical factor 10−50 is chosen such that the R!i→!j(γ) have a natural size of
O(1). Its value can easily be understood by noting that |aij|2 ∼< (∆m2

atm/v2)2 ≈ 10−52.
A glance at the explicit structure of the aij in Eq. (22) shows that their size is

maximized for s13 = smax
13 (in both normal and inverted hierarchy), due to ∆m2

atm '
∆m2

sol. In order to derive order-of-magnitude conditions on the ratio ΛLN/ΛLFV, we
consider the reference case defined by s13 = smax

13 , δ = 0, and the reference values quoted
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• For the choice                              with all other Wilson coefficients 
vanishing, we get:

in Table 1. Then setting all the Wilson coefficients to zero but for c(2)
RL = c(3)

LL = 1, and
using the overlap integrals and capture rates reported in Ref. [7] (table I of [7]), we find

Bµ→e =

(
ΛLN

ΛLFV

)4
{

6.6 × 10−50 for Al

19.6 × 10−50 for Au
Bµ→eγ = 8.3× 10−50

(
ΛLN

ΛLFV

)4

.

(33)
Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(3)
LL = 1, other c(i) = 0)

=

{
3 × 10−3 for Al ,

1.5 × 10−3 for Au ,
(34)

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(1)
LL = 1, other c(i) = 0)

=

{
0.47 for Al ,

0.17 for Au .
(35)

• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe

does. In the normal hierarchy case, for δ = π and s13 → sc∆m2
sol/∆m2

atm, one
has Bµ→eγ → 0. Therefore, close to this region of parameter space one can have a
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in Table 1. Then setting all the Wilson coefficients to zero but for c(2)
RL = c(3)

LL = 1, and
using the overlap integrals and capture rates reported in Ref. [7] (table I of [7]), we find
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ΛLFV

)4
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(
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)4

.

(33)
Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(3)
LL = 1, other c(i) = 0)

=

{
3 × 10−3 for Al ,

1.5 × 10−3 for Au ,
(34)

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(1)
LL = 1, other c(i) = 0)

=

{
0.47 for Al ,

0.17 for Au .
(35)

• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe

does. In the normal hierarchy case, for δ = π and s13 → sc∆m2
sol/∆m2

atm, one
has Bµ→eγ → 0. Therefore, close to this region of parameter space one can have a
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Huge enhancement factor when: 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

⇤LN � ⇤LFV (1)

ep ! ⌧X (2)

(rare CLFV decays)

(3̄, 3) (3)

p
s ⇠ 90 GeV (4)

L ⇠ 10 fb�1 (5)

p
s ⇠ 320 GeV (6)

L ⇠ 0.5 fb�1 (7)

(µ ! e conversion in nuclei) (8)

µ ! e� (9)

• For example:

in Table 1. Then setting all the Wilson coefficients to zero but for c(2)
RL = c(3)

LL = 1, and
using the overlap integrals and capture rates reported in Ref. [7] (table I of [7]), we find

Bµ→e =

(
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ΛLFV
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{

6.6 × 10−50 for Al
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Bµ→eγ = 8.3× 10−50

(
ΛLN

ΛLFV

)4

.

(33)
Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(3)
LL = 1, other c(i) = 0)

=

{
3 × 10−3 for Al ,

1.5 × 10−3 for Au ,
(34)

Bµ→e(c
(2)
RL = 1, other c(i) = 0)

Bµ→e(c
(1)
LL = 1, other c(i) = 0)

=

{
0.47 for Al ,

0.17 for Au .
(35)

• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe

does. In the normal hierarchy case, for δ = π and s13 → sc∆m2
sol/∆m2

atm, one
has Bµ→eγ → 0. Therefore, close to this region of parameter space one can have a
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in Table 1. Then setting all the Wilson coefficients to zero but for c(2)
RL = c(3)

LL = 1, and
using the overlap integrals and capture rates reported in Ref. [7] (table I of [7]), we find

Bµ→e =
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(33)
Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:

Bµ→e(c
(2)
RL = 1, other c(i) = 0)
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(3)
LL = 1, other c(i) = 0)

=

{
3 × 10−3 for Al ,
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=

{
0.47 for Al ,
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(35)

• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe

does. In the normal hierarchy case, for δ = π and s13 → sc∆m2
sol/∆m2

atm, one
has Bµ→eγ → 0. Therefore, close to this region of parameter space one can have a
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in Table 1. Then setting all the Wilson coefficients to zero but for c(2)
RL = c(3)

LL = 1, and
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(33)
Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:
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• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe
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Despite the strong dependence of the numerical coefficients in Eq. (33) on s13, illustrated
in Figure 1, these results allow us to draw several interesting conclusions.

• If there is no large hierarchy between the scales of lepton-number and lepton-flavor
violation, there is no hope to observe LFV signals in charged-lepton processes. On
the other hand, if ΛLFV is not far from the TeV scale (as expected in many realistic
scenarios), it is natural to expect visible LFV processes for a wide range of ΛLN:
from 1013 GeV up to the GUT scale. For instance a Bµ→e = O(10−13), within
reach of the MECO experiment, is naturally obtained for ΛLN ∼ 109ΛLFV, which
for ΛLFV ∼ 10 TeV implies ΛLN ∼ 1013 GeV. Such a ratio of scales would also
imply Bµ→eγ = O(10−13), within the reach of the MEG experiment.

Note that the requirement of “perturbative” treatment of the couplings gν , to-
gether with upper limits on the light neutrino masses, implies upper limits on
the scale ΛLN # v2gν/mν . By loosely requiring |gν | < 1 one obtains ΛLN ∼<
3 × 1013 (1 eV/mν) GeV. This means that we cannot make the ratio ΛLN/ΛLFV

arbitrarily large.

• Interestingly, µ → e conversion and µ → eγ have a quite different sensitivity on
the type of operators involved. In particular, while µ → eγ is sensitive only to the
LR operators, the µ → e conversion is more sensitive to the LL terms:
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=
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• The comparison of the various Bli→ljγ rates is a useful tool to illustrate the pre-
dictive power of the MLFV (and eventually to rule it out from data). In Figure 2
we report the ratios Bµ→eγ/Bτ→µγ and Bµ→eγ/Bτ→eγ as a function of s13 for three
different values of the CP violating phase δ in the normal hierarchy case (the in-
verted case is obtained by replacing δ with π − δ). One observes the clear pattern
Bτ→µγ & Bτ→eγ ∼ Bµ→eγ , with hierarchy increasing as s13 → 0. Observation of
deviations from this pattern could in the future falsify the hypothesis of minimal
flavor violation in the lepton sector.

• There is a window in parameter space where we can expect observable effects in
τ decays. As illustrated in Figure 3, Bτ→µγ does not depend on s13, while Bµe

does. In the normal hierarchy case, for δ = π and s13 → sc∆m2
sol/∆m2

atm, one
has Bµ→eγ → 0. Therefore, close to this region of parameter space one can have a

10

• In MFV scenario, a large disparity between lepton number violation 
and lepton flavor violation scales will produce enhanced CLFV rates.

    

[Cirigliano,Grinstein,Isidori, Wise]



Charged Lepton Flavor Violating Processes

• Many CLFV processes are being searched for in hopes of discovering BSM 
signals:

6.3 Electron-to-Tau conversion

Abhay Deshpande, Cyrus Faroughy, Matthew Gonderinger, Krishna Kumar, Swad-
hin Taneja

6.3.1 Introduction and Motivation

Every conservation law in the Standard Model (SM) is anticipated to have a symme-
try associated with it. We have no knowledge of a symmetry that asserts Lepton Flavor
Conservation in the Standard Model (SM) of particle physics and yet its (direct) violation
has never been seen. Although discovery of neutrino oscillations [1214, 1215] indicates that
charged Lepton Flavor Violation (LFV) processes such as µ → eγ should be allowed (within
the SM), its rate is expected to be very small (BR(µ → eγ) < 10−54) due to the very small
values of the neutrino masses. This level of sensitivity is beyond the reach of any present
or planned experiment. However, many models of physics Beyond the SM (BSM) predict
rates of charged lepton flavor violation significantly higher than those within the SM, some
of them even within the reach of present or planned experiments. LFV hence becomes a
very attractive process for experimental discovery of physics beyond the Standard Model.

Many searches for specific reactions which violate lepton flavor have been performed.
The most sensitive include searches for µ+N → e+N using low energy muons (from the
SINDRUM II collaboration [1216]), the muon decay µ → eγ (MEGA collaboration [1217,
1218]), and decays of kaons ([1219]). The limits from these processes, though extremely
precise, are all sensitive to e ↔ µ transitions (abbreviated LFV(1,2)) and not to e ↔ τ
transitions (LFV(1,3)). Also, each of these processes involve specific quark flavors: in
some, only the 1st generation quarks participate; in others the same quark flavor must
couple to the initial and final leptons, or strange quarks must participate. These stringent
bounds are related to the opportunities for such searches afforded by specific experimental
apparatuses. None of these searches involved the τ lepton either in the initial or in the final
state. Since a general model with lepton flavor violation may involve a τ lepton and also
initial and final state quarks of different flavors (not necessarily including strange quarks),
the above measurements would be blind to such LFV mechanisms. Existing best limits on
e ↔ τ conversion come from the BaBar Collaboration (τ → eγ) [1220] and the BELLE
Collaboration (τ → 3e) [1221]. These are notably worse than the limits on e ↔ µ by several
orders of magnitude. LFV searches at proposed future experiments would further improve
limits on e ↔ µ transitions.

The search for LFV involving τ leptons has been performed by the high energy lepton
- hadron collider experiments H1 and ZEUS. The LFV process could proceed via exchange
of a leptoquark (LQ), a color triplet boson – scalar or vector – with both lepton and
baryon quantum numbers which appears naturally in many extensions of the SM such as
GUTs, supersymmetry, compositeness, and technicolor (for a concise review of LFV in
several such models, see [1222]). The most recent limits on the search for ep → µX and
ep → τX were set by the H1 collaboration using HERA collisions at 320 GeV center-of-mass
energy and an integrated luminosity of 0.5 fb−1. They did not find any evidence for lepton
flavor violation [1223, 1224], and in turn they put limits on the mass and couplings of the
leptoquarks in the Buchmüller-Rückl-Wyler (BRW) effective model [1225].

A high energy, high luminosity electron-proton/ion collider (EIC) is being considered
by the US nuclear science community with a variable center-of-mass energy of 50 → 160
GeV and with 100 − 1000 times the accumulated luminosity of HERA over a comparable
operation time, see sections 7.1 and 7.2. In a recent study [1226] it has been argued that a
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v(x, y, z) = �x2 ŷ (9)
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r⇥ v = �2 ẑ (8)
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Charged Lepton Flavor Violation Limits
• Present and future limits:

 Present & future limits for LFV processes:  

M. Gonderinger, INT 2010.10.25 4 

OVERVIEW OF LFV SEARCHES 

Process Experiment Limit (𝟗𝟎%  𝑪. 𝑳. ) Year 

𝜇 → 𝑒𝛾 MEGA 𝐵𝑟 < 1.2 × 10ିଵଵ 2002 

𝜇 + 𝐴𝑢 → 𝑒 + 𝐴𝑢 SINDRUM II Γ௖௢௡௩/Γ௖௔௣௧ < 7.0 × 10ିଵଷ 2006 

𝜇 → 3𝑒 SINDRUM 𝐵𝑟 < 1.0 × 10ିଵଶ 1988 

𝜏 → 𝑒𝛾 BaBar 𝐵𝑟 < 3.3 × 10ି଼ 2010 

𝜏 → 𝜇𝛾 BaBar 𝐵𝑟 < 6.8 × 10ି଼ 2005 

𝜏 → 3𝑒 BELLE 𝐵𝑟 < 3.6 × 10ି଼ 2008 

𝜇 + 𝑁 → 𝑒 + 𝑁 Mu2e Γ௖௢௡௩/Γ௖௔௣௧ < 6.0 × 10ିଵ଻ 2017? 
𝜇 → 𝑒𝛾 MEG 𝐵𝑟 ≲ 10ିଵଷ 2011? 
𝜏 → 𝑒𝛾 Super-B 𝐵𝑟 ≲ 10ିଵ଴ > 2020? 

• Note that CLFV(1,2) is severely constrained. Limits on CLFV(1,3) are 
weaker by several orders of magnitude.

• Limits on CLFV(1,2) are expected to improve even further in future 
experiments.



CLFV in DIS

• The EIC can search for CLFV(1,3) in the DIS process:

 
 
 
 
 
 
 

 
 
 𝛼, 𝛽  are (anti)quark generation indices  
 𝐹 = 2  interchanges quarks, antiquarks 

M. Gonderinger, INT 2010.10.25 12 

LEPTOQUARK 𝑒 → 𝜏  

𝝀𝟏𝜶 𝝀𝟑𝜷 

𝝀𝟏𝜶 

𝝀𝟑𝜷 

• Such a process could be mediated, for example, by leptoquarks: 
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CLFV limits from HERA

• The H1 and ZEUS experiments have searched for the CLFV 
process and set limits: 
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• High luminosity EIC could surpass the best limits set by HERA :
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• At                                the EIC could compete or surpass the 
current limits from 
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Yes! Many models predict CLFV(1,3) >> CLFV(1,2)

• For example, in Minimal flavor violation:
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Figure 1: Ratios Ri defined in Eq. (32) as a function of s13 for c(3)
LL = c(2)

RL = 1 and all
other c(i) = 0. The shaded bands correspond to variation of the phase δ between 0 and π.
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Figure 2: Ratios Bµ→eγ/Bτ→µγ (left) and Bµ→eγ/Bτ→eγ (right) as a function of s13 for
different values of the CP violating phase δ in the normal hierarchy case. The uncertainty
due to the first 3 entries in table 1 is not shown.

sizable Bτ→µγ while Bµ→eγ can be kept below the present experimental limits. In
particular, for ΛLN ∼ 1010 ΛLFV we find Bτ→µγ ∼ 10−8, which implies a branching
ratio for τ → µγ above 10−9 possibly observable at (super) B factories. Note that
a change in the ratio ΛLN/ΛLFV would only result into a shift of the vertical scale
in Figure 3, without affecting the relative distance between the Bµ→eγ and Bτ→µγ

bands.

4.2 Extended field content

The discussion of the extended model proceeds in a very similar way, by replacing the
dimensionless couplings aij with the bij , and (ΛLN/ΛLFV)4 with (vMν/Λ2

LFV)2. The analog
of Eq. (32) reads

B$i→$j(γ) = 10−25

(
vMν

Λ2
LFV

)2

R̂$i→$j(γ)(s13, m
lightest
ν ; c(i)) . (36)
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• Given the stringent limits on CLFV(1,2), is there theoretical 
motivation for an EIC search of CLFV(1,3) ?
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particular, for ΛLN ∼ 1010 ΛLFV we find Bτ→µγ ∼ 10−8, which implies a branching
ratio for τ → µγ above 10−9 possibly observable at (super) B factories. Note that
a change in the ratio ΛLN/ΛLFV would only result into a shift of the vertical scale
in Figure 3, without affecting the relative distance between the Bµ→eγ and Bτ→µγ

bands.

4.2 Extended field content

The discussion of the extended model proceeds in a very similar way, by replacing the
dimensionless couplings aij with the bij , and (ΛLN/ΛLFV)4 with (vMν/Λ2

LFV)2. The analog
of Eq. (32) reads

B$i→$j(γ) = 10−25

(
vMν

Λ2
LFV

)2

R̂$i→$j(γ)(s13, m
lightest
ν ; c(i)) . (36)

11

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

sin ✓13 (1)

Br(µ ! e�)

Br(⌧ ! e�)
=

���
�

µe

�
⌧e

���
2

(2)

=
���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

� sin ✓sol cos ✓sol �m2
sol ± sin ✓13ei��m2

atm

���
2

(3)

⇤LN � ⇤LFV (4)

ep ! ⌧X (5)

(rare CLFV decays)

(3̄, 3) (6)

p
s ⇠ 90 GeV (7)

L ⇠ 10 fb�1 (8)

p
s ⇠ 320 GeV (9)

Region of CLFV(1,3) >> CLFV(1,2) for MFV

• For example in Minimal flavor violation:
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• For example in Minimal flavor violation:



CLFV mediated by Leptoquarks
 BRW LQ interactions come from 𝑆𝑈 3 ஼ × 𝑆𝑈 2 ௅ × 𝑈 1 ௒  

invariant renormalizable Lagrangian: 
 
 
 
 
 
 

 LFV arises if the couplings 𝝀  are matrices in generation-space 
with non-zero off-diagonal elements 
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INTERACTIONS 

ℒ௦௖௔௟௔௥ = 𝝀𝟎𝑳𝑞௅
஼𝜖𝑙௅𝑺𝟎𝑳 + 𝝀𝟎𝑹𝑢ோ஼𝑒ோ𝑺𝟎𝑹 + 𝝀෨𝟎𝑹𝑑ோ

஼𝑒ோ𝑺෩𝟎𝑹 + 𝝀𝟏𝑳𝑞௅
஼𝜖𝜎⃗𝑙௅𝑺𝟏𝑳       

+𝝀𝟏/𝟐𝑳 𝑢ோ𝑙௅𝑺𝟏/𝟐𝑳 + 𝝀𝟏/𝟐𝑹 𝑞௅𝜖𝑒ோ𝑺𝟏/𝟐𝑹 + 𝝀෨𝟏/𝟐𝑳 𝑑ோ𝑙௅𝑺෩𝟏/𝟐𝑳 + ℎ. 𝑐. 
 

(ℒ௩௘௖௧௢௥ is similar) 

eq. (2.1).

LLQ = LF=0 + L|F |=2

LF=0 = hL
1/2uR!LS

L
1/2 + hR

1/2qLεeRS
R
1/2 + h̃L

1/2dR!LS̃
L
1/2 + hL

0 qLγµ!LV
L
0

µ

+ hR
0 dRγµeRV

Rµ
0 + h̃R

0 uRγµeRṼ
Rµ
0 + hL

1 qLγµ$τ!L$V
Lµ
1 + h.c.

L|F |=2 = gL0 q
c
Lε!LS

L
0 + gR0 u

c
ReRS

R
0 + g̃R0 d

c
ReRS̃

R
0 + gL1 q

c
Lε$τ!L$S

L
1 + gL1/2d

c
Rγµ!LV

Lµ
1/2

+ gR1/2q
c
LγµeRV

Rµ
1/2 + g̃L1/2u

c
Rγµ!LṼ

Lµ
1/2 + h.c.

(2.1)

In eq. (2.1), qL and !L are the SU(2) doublet quarks and leptons, uR, dR, eR are the SU(2)
singlet quarks and charged lepton, ε is the SU(2) antisymmetric tensor (ε12 = −ε21 = +1),
$τ = (τ1, τ2, τ3) are the Pauli matrices, and the charge conjugated fermion is defined as ψc ≡
Cψ

T
= iγ2γ0ψ

T
in the Dirac basis for the γ matrices. Color, SU(2), and flavor (generation)

indices have been suppressed. The leptoquarks are characterized by their fermion number,
their spin, the chirality of their coupling to leptons, and their gauge group quantum numbers.
The leptoquarks carry fermion number F = 3B+L equal to 0 or ±2. We follow the notation
used in the recent literature where spin-0 leptoquarks are S and spin-1 are V , the subscript
indicates the SU(2) quantum number (0 for a singlet, 1/2 for a doublet, 1 for a triplet),
the superscript L,R indicates the chirality of the lepton coupling to the leptoquark, and a
tilde (̃ ) is used to distinguish between leptoquarks which have different hypercharges but
are otherwise identical. The dimensionless coupling constants g and h (which we assume to
be real) carry the same lepton chirality and SU(2) labels as their associated leptoquarks.
Lepton flavor violation can arise if the couplings — which are matrices in flavor space —
have non-zero off-diagonal elements.

We will also require the interactions between the BRW leptoquarks and the photon. The
photon interactions arise from the Lagrangian kinetic terms with SU(2)L×U(1)Y covariant
derivatives acting on the leptoquark fields [23]:

L(scalar)
kinetic = (DµS)

† (DµS) , (2.2)

L(vector)
kinetic = −

1

2
(DµVν −DνVµ)

† (DµV ν −DνV µ) . (2.3)

The covariant derivative is given by

Dµ = ∂µ + ig $T · $Wµ + ig′
Y

2
Bµ , (2.4)

where the T a are the generator matrices for the SU(2) representation occupied by the
leptoquarks (singlet, doublet2, or triplet). The photon interaction for a scalar leptoquark is
given by

L(scalar)
LQ,γ = ieQLQ

[(

∂µS
†
)

S − S† (∂µS)
]

Aµ , (2.5)

where QLQ is the electric charge of the leptoquark.
For the vector leptoquarks, interactions with the photon depend on the nature of these

massive vector particles, i.e., whether or not the leptoquarks are gauge bosons of some

2 Note that the doublets must be in the 2 representation given the form of the Lagrangian in eq. (2.1).

E.g., explicitly writing the SU(2) indices, uR!LiS
L
1/2i

shows that the i = 2 component of the leptoquark

multiplet couples to the electron and must have the opposite T 3 eigenvalue to be SU(2) invariant.
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FIG. 1. Feynman diagrams for e → τ scattering processes via leptoquarks which depend on the
parameter λ1αλ3β/M2

LQ. The partonic cross section is convoluted with the pdf of the initial state
(anti)quark of each diagram. See eq. (3.1).

The parton distribution functions for the quarks and antiquarks are q (x,Q2) and q (x,Q2),
respectively, evaluated at momentum fraction x and energy scale Q2. Also, u = xs (y − 1)
and both x and y are integrated from 0 to 1. The leptoquark couplings λ1α and λ3β are
the couplings g and h which appear in the Lagrangian of eq. (2.1) (additional factors of −1
and/or

√
2 may multiply these couplings, depending on the leptoquark SU(2) representation

— see, e.g., Table 2 of [22] and Table 1 of [23]). The subscripts on the couplings λ are gener-
ation indices: 1 and 3 for the electron and tau, and α and β for the quarks/antiquarks.3 We
refer to ratios with α = β as “quark flavor-diagonal” and those with α $= β as “quark flavor-
off-diagonal”. The ZEUS and H1 collaborations placed upper limits (at 95% confidence
level) on the ratio λ1αλ3β/M2

LQ for each type of BRW leptoquark and for all combinations
of α and β except in cases where the top quark was the only third-generation quark coupled
to the leptoquark [24–27]. To obtain these limits, several assumptions were made: only
one type of leptoquark dominated the cross section, the leptoquark coupled only to left- or
right-handed leptons but not both4, and leptoquarks in SU(2) multiplets are degenerate in
mass. We make these assumptions in our analysis as well.

To determine the sensitivity of an EIC search for LFV(1,3) in e → τ processes, we
calculate an upper bound on the cross sections for the various leptoquarks using eq. (3.1)
and the most stringent limits on λ1αλ3β/M2

LQ from the ZEUS or H1 collaborations (or those
rare process limits cited by the ZEUS and H1 collaborations). We use the MSTW 2008
NLO set for the quark and antiquark proton p.d.f.s.5 From eq. (3.1), there is a one-to-
one correspondence between the partonic sub-process cross section and the leptoquark ratio
λ1αλ3β/M2

LQ. Given a number for the sub-process cross section, we calculate the leptoquark
ratio and then scale (i.e., divide) the leptoquark ratio by the HERA/rare process limit. We
define this scaled leptoquark ratio as the variable z. Thus, for a given cross section there
is a unique value of z. In other words, z is the fractional reduction in the leptoquark ratio
relative to the HERA/rare process limit. Results of these calculations will be presented in
section V after we discuss limits from τ → eγ.

3 Note that α is not always the initial state quark/antiquark; see fig. 1.
4 This assumption was already made in writing the Lagrangian in eq. (2.1). Leptoquarks with identical

quantum numbers, e.g. SL
0 and SR

0 , could have identical couplings to left- and right-handed leptons:

gL0 = gR0 . In the original BRW parameterization [22], leptoquarks coupling to both left- and right-handed

leptons were not differentiated.
5 http://projects.hepforge.org/mstwpdf/
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CLFV mediated by Leptoquarks

beyond-the-SM symmetry group. In addition to the interaction arising from eq. (2.3), there
can exist an anomalous magnetic moment coupling of the leptoquark to the photon, so the
full interaction Lagrangian is

L(vector)
LQ,γ = −ieQLQ

([

V†
µνV

ν − VµνV
ν†
]

Aµ − (1− κ) V †
µVνF

µν
)

(2.6)

where the leptoquark field strength tensor Vµν is given by

Vµν ≡ ∂µV ν − ∂νV µ (2.7)

and F µν is the usual photon field strength tensor. If the leptoquarks are gauge bosons (as
in the case of some SU(5) GUTs, e.g.), then κ = 0 and the resulting photon interaction is a
three-gauge-boson vertex, the result of spontaneous symmetry breaking of the higher gauge
group containing both the leptoquarks and the photons to U(1)EM . (Also, if the leptoquarks
are gauge bosons, eq. (2.3) is replaced by the appropriate kinetic term for the gauge bosons
of the larger symmetry group.) This question of the gauge nature of the vector leptoquarks
will have further implications for our analysis, particularly in the calculation of the τ → eγ
limits (see section IV). Finally, the electric charges of the scalar and vector leptoquarks
which appear in the photon interaction terms are easily determined from eq. (2.1) (also, see
Table 1 in [23]).

III. CROSS SECTION CALCULATIONS FOR e → τ

Electron to tau conversion in an e−p deep inelastic scattering process is the LFV(1,3) sig-
nal at the EIC which we consider in our analysis. In the BRW leptoquark parameterization,
such a process occurs via tree level partonic interactions. In e−p collisions, F = 0 type lepto-
quarks couple to antiquarks in the s-channel and quarks in the u-channel, while |F | = 2 type
leptoquarks couple to quarks in the s-channel and antiquarks in the u-channel (see fig. 1).
If the leptoquark mass is much larger than the center of mass energy, MLQ $

√
s, the

momentum dependence of the leptoquark propagator can be neglected, effectively shrinking
the partonic interaction to a four-fermion vertex. The cross section then depends only on
the ratio of the leptoquark couplings divided by the leptoquark mass. The total inclusive
cross section for e− + p → τ− + X with a single intermediate leptoquark is given (in the
limit of massless quarks and leptons) by [24]

σF=0 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

,

σ|F |=2 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

.

(3.1)

The functions f and g are defined in eq. (3.2).

f (y) =







1/2 (scalar)

2 (1− y)2 (vector)
, g (y) =







(1− y)2 /2 (scalar)

2 (vector)
(3.2)
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 𝛼, 𝛽  are (anti)quark generation indices  
 𝐹 = 2  interchanges quarks, antiquarks 
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three-gauge-boson vertex, the result of spontaneous symmetry breaking of the higher gauge
group containing both the leptoquarks and the photons to U(1)EM . (Also, if the leptoquarks
are gauge bosons, eq. (2.3) is replaced by the appropriate kinetic term for the gauge bosons
of the larger symmetry group.) This question of the gauge nature of the vector leptoquarks
will have further implications for our analysis, particularly in the calculation of the τ → eγ
limits (see section IV). Finally, the electric charges of the scalar and vector leptoquarks
which appear in the photon interaction terms are easily determined from eq. (2.1) (also, see
Table 1 in [23]).

III. CROSS SECTION CALCULATIONS FOR e → τ

Electron to tau conversion in an e−p deep inelastic scattering process is the LFV(1,3) sig-
nal at the EIC which we consider in our analysis. In the BRW leptoquark parameterization,
such a process occurs via tree level partonic interactions. In e−p collisions, F = 0 type lepto-
quarks couple to antiquarks in the s-channel and quarks in the u-channel, while |F | = 2 type
leptoquarks couple to quarks in the s-channel and antiquarks in the u-channel (see fig. 1).
If the leptoquark mass is much larger than the center of mass energy, MLQ $

√
s, the

momentum dependence of the leptoquark propagator can be neglected, effectively shrinking
the partonic interaction to a four-fermion vertex. The cross section then depends only on
the ratio of the leptoquark couplings divided by the leptoquark mass. The total inclusive
cross section for e− + p → τ− + X with a single intermediate leptoquark is given (in the
limit of massless quarks and leptons) by [24]

σF=0 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

,

σ|F |=2 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

.

(3.1)

The functions f and g are defined in eq. (3.2).

f (y) =







1/2 (scalar)

2 (1− y)2 (vector)
, g (y) =







(1− y)2 /2 (scalar)

2 (vector)
(3.2)
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- all LQs
- all combinations of quark 

generations (no top quarks)
- degenerate masses assumed for LQ 

multiplets
[S. Chekanov et.al (ZEUS), A.Atkas et.al (H1)]

• Cross-section for                        takes the form:

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

ep ! ⌧X (1)

(rare CLFV decays)

(µ ! e conversion in nuclei) (2)

µ ! e� (3)

⌧ ! e� (4)

⌧ ! µ� (5)

µ ! 3e (6)

⌧ ! 3e (7)

µ+N �! e+N (8)

r⇥ v = �2x ẑ (9)



• Comparison of HERA 
limits with limits from other 
rare CLFV processes:  

 Limits on 𝝀𝟏𝜶𝝀𝟑𝜷/𝑴𝑳𝑸
𝟐  ratios 

from other rare LFV processes 
calculated in S. Davidson, D. C. 
Bailey, and B. A. Campbell, Z. 
Phys. C61, 613 (1994), 
arXiv:hep-ph/9309310 
 𝜏 → 𝜋𝑒, 𝜏 → 3𝑒 , meson decays, 

etc. 
 ZEUS limits were generally 

stronger than rare process 
limits for couplings with 
second and third generation 
quarks (in yellow) 

 Units in table: 𝑇𝑒𝑉ିଶ  

M. Gonderinger, INT 2010.10.25 15 

COMPARISON TO OTHER LIMITS 

    

[S.Davidson, D.C. Bailey, B.A.Campbell]

• HERA limits that are 
stronger are highlighted in 
yellow.

• HERA limits are generally 
better for couplings with 
second and third 
generations.



EIC Sensitivity
• How much can the EIC improve upon HERA limits?

• Study was done for EIC at a center of mass energy of 90 GeV
    

[M.Gonderinger, M.Ramsey-Musolf]

• At 10 fb-1 of luminosity, a cross-section of 0.1 fb yields order one events.

• This cross-section of 0.1 fb corresponds to a typical size of            that is 
about a factor of 2 to almost 2 orders of magnitude smaller,
compared to the HERA limits.

beyond-the-SM symmetry group. In addition to the interaction arising from eq. (2.3), there
can exist an anomalous magnetic moment coupling of the leptoquark to the photon, so the
full interaction Lagrangian is

L(vector)
LQ,γ = −ieQLQ

([

V†
µνV

ν − VµνV
ν†
]

Aµ − (1− κ) V †
µVνF

µν
)

(2.6)

where the leptoquark field strength tensor Vµν is given by

Vµν ≡ ∂µV ν − ∂νV µ (2.7)

and F µν is the usual photon field strength tensor. If the leptoquarks are gauge bosons (as
in the case of some SU(5) GUTs, e.g.), then κ = 0 and the resulting photon interaction is a
three-gauge-boson vertex, the result of spontaneous symmetry breaking of the higher gauge
group containing both the leptoquarks and the photons to U(1)EM . (Also, if the leptoquarks
are gauge bosons, eq. (2.3) is replaced by the appropriate kinetic term for the gauge bosons
of the larger symmetry group.) This question of the gauge nature of the vector leptoquarks
will have further implications for our analysis, particularly in the calculation of the τ → eγ
limits (see section IV). Finally, the electric charges of the scalar and vector leptoquarks
which appear in the photon interaction terms are easily determined from eq. (2.1) (also, see
Table 1 in [23]).

III. CROSS SECTION CALCULATIONS FOR e → τ

Electron to tau conversion in an e−p deep inelastic scattering process is the LFV(1,3) sig-
nal at the EIC which we consider in our analysis. In the BRW leptoquark parameterization,
such a process occurs via tree level partonic interactions. In e−p collisions, F = 0 type lepto-
quarks couple to antiquarks in the s-channel and quarks in the u-channel, while |F | = 2 type
leptoquarks couple to quarks in the s-channel and antiquarks in the u-channel (see fig. 1).
If the leptoquark mass is much larger than the center of mass energy, MLQ $

√
s, the

momentum dependence of the leptoquark propagator can be neglected, effectively shrinking
the partonic interaction to a four-fermion vertex. The cross section then depends only on
the ratio of the leptoquark couplings divided by the leptoquark mass. The total inclusive
cross section for e− + p → τ− + X with a single intermediate leptoquark is given (in the
limit of massless quarks and leptons) by [24]

σF=0 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

,

σ|F |=2 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

.

(3.1)

The functions f and g are defined in eq. (3.2).

f (y) =







1/2 (scalar)

2 (1− y)2 (vector)
, g (y) =







(1− y)2 /2 (scalar)

2 (vector)
(3.2)
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EIC Sensitivity

 LQ = 𝑺𝟏/𝟐𝑳  (couples to up-type quarks: 𝝀𝒊𝒋   𝑢ோ௝ 𝑙௅௜𝑺𝟏/𝟐𝑳 ) 

 𝑧 =  𝝀𝟏𝜶𝝀𝟑𝜷/𝑴𝑳𝑸
𝟐  scaled by HERA limit (𝑧 = 1 ⇔  HERA limit) 

 All cross sections calculated with MSTW 2008 proton p.d.f.s 
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EXAMPLE 
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ANOTHER EXAMPLE 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

z =
(�1↵�3�)/(M2

LQ

)

[(�1↵�3�)/(M2
LQ

)]HERAlimit

(1)

LYukawa = ��ij

U

Q̄i

L

✏�⇤uj

R

� �ij

D

Q̄i

L

�dj
R

� �ij

e

L̄i

L

�ej
R

+ h.c. (2)

p
s ⇠ 140 GeV (3)

L ⇠ 100� 200 fb�1 (4)

(5)

sin ✓13 (6)

Br(µ ! e�)

Br(⌧ ! e�)
=

���
�

µe

�
⌧e

���
2

(7)

=
���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

� sin ✓sol cos ✓sol �m2
sol ± sin ✓13ei��m2

atm

���
2

(8)

⇤LN � ⇤LFV (9)

ep ! ⌧X (10)

(rare CLFV decays)

(3̄, 3) (11)

    

[M.Gonderinger, M.Ramsey-Musolf]

• Present limits involving first 
generation quarks are harder 
to improve upon.

• Limits can be improved upon 
for couplings involving higher 
generation quarks.

• Larger center of mass 
energy will increase the cross-
section, giving better limits. • Of course, higher luminosity 

will also give better limits.



 𝜏 → 𝑒𝛾  decays via leptoquark loops: 
 
 
 
 
 
 
 

 These diagrams are proportional to 𝝀𝟏𝜶𝝀𝟑𝜷/𝑴𝑳𝑸
𝟐  with 𝛼 = 𝛽   

 𝜏 → 𝑒𝛾  limits are only relevant for these “quark flavor-diagonal” cases 
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LEPTOQUARK LOOPS Leptoquark Mediated CLFV(1,3) Decays

• Leptoquarks can also mediate the rare decay:

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

⌧ ! e� (1)

z =
(�1↵�3�)/(M2

LQ

)

[(�1↵�3�)/(M2
LQ

)]HERAlimit

(2)

LYukawa = ��ij

U

Q̄i

L

✏�⇤uj

R

� �ij

D

Q̄i

L

�dj
R

� �ij

e

L̄i

L

�ej
R

+ h.c. (3)

p
s ⇠ 140 GeV (4)

L ⇠ 100� 200 fb�1 (5)

(6)

sin ✓13 (7)

Br(µ ! e�)

Br(⌧ ! e�)
=

���
�

µe

�
⌧e

���
2

(8)

=
���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

� sin ✓sol cos ✓sol �m2
sol ± sin ✓13ei��m2

atm

���
2

(9)

⇤LN � ⇤LFV (10)

ep ! ⌧X (11)

• These diagrams are also proportional to the combination:

beyond-the-SM symmetry group. In addition to the interaction arising from eq. (2.3), there
can exist an anomalous magnetic moment coupling of the leptoquark to the photon, so the
full interaction Lagrangian is

L(vector)
LQ,γ = −ieQLQ

([

V†
µνV

ν − VµνV
ν†
]

Aµ − (1− κ) V †
µVνF

µν
)

(2.6)

where the leptoquark field strength tensor Vµν is given by

Vµν ≡ ∂µV ν − ∂νV µ (2.7)

and F µν is the usual photon field strength tensor. If the leptoquarks are gauge bosons (as
in the case of some SU(5) GUTs, e.g.), then κ = 0 and the resulting photon interaction is a
three-gauge-boson vertex, the result of spontaneous symmetry breaking of the higher gauge
group containing both the leptoquarks and the photons to U(1)EM . (Also, if the leptoquarks
are gauge bosons, eq. (2.3) is replaced by the appropriate kinetic term for the gauge bosons
of the larger symmetry group.) This question of the gauge nature of the vector leptoquarks
will have further implications for our analysis, particularly in the calculation of the τ → eγ
limits (see section IV). Finally, the electric charges of the scalar and vector leptoquarks
which appear in the photon interaction terms are easily determined from eq. (2.1) (also, see
Table 1 in [23]).

III. CROSS SECTION CALCULATIONS FOR e → τ

Electron to tau conversion in an e−p deep inelastic scattering process is the LFV(1,3) sig-
nal at the EIC which we consider in our analysis. In the BRW leptoquark parameterization,
such a process occurs via tree level partonic interactions. In e−p collisions, F = 0 type lepto-
quarks couple to antiquarks in the s-channel and quarks in the u-channel, while |F | = 2 type
leptoquarks couple to quarks in the s-channel and antiquarks in the u-channel (see fig. 1).
If the leptoquark mass is much larger than the center of mass energy, MLQ $

√
s, the

momentum dependence of the leptoquark propagator can be neglected, effectively shrinking
the partonic interaction to a four-fermion vertex. The cross section then depends only on
the ratio of the leptoquark couplings divided by the leptoquark mass. The total inclusive
cross section for e− + p → τ− + X with a single intermediate leptoquark is given (in the
limit of massless quarks and leptons) by [24]

σF=0 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

,

σ|F |=2 =
∑

α,β

s

32π

[

λ1αλ3β
M2

LQ

]2
{
∫

dxdy xqα (x, xs) f (y) +

∫

dxdy xqβ (x,−u) g (y)

}

.

(3.1)

The functions f and g are defined in eq. (3.2).

f (y) =







1/2 (scalar)

2 (1− y)2 (vector)
, g (y) =







(1− y)2 /2 (scalar)

2 (vector)
(3.2)
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but only for 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

↵ = � (1)

⌧ ! e� (2)

z =
(�1↵�3�)/(M2

LQ

)

[(�1↵�3�)/(M2
LQ

)]HERAlimit

(3)

LYukawa = ��ij
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� �ij
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L

�dj
R

� �ij

e
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L

�ej
R

+ h.c. (4)

p
s ⇠ 140 GeV (5)

L ⇠ 100� 200 fb�1 (6)

(7)

sin ✓13 (8)

Br(µ ! e�)

Br(⌧ ! e�)
=

���
�

µe

�
⌧e

���
2

(9)

=
���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

� sin ✓sol cos ✓sol �m2
sol ± sin ✓13ei��m2

atm

���
2

(10)

⇤LN � ⇤LFV (11)

(quark flavor-diagonal case)



EIC Sensitivity
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ALL THREE GENERATIONS 

𝝀𝒊𝒋  𝑑ோ௝
஼ 𝑒ோ௜𝑺෩𝟎𝑹 • How does the EIC sensitivity compare to limits from rare decays?

• Vertical dashed lines and horizontal arrows indicate the range of limits 
from rare decays (“Totalitarian” vs “Democratic” scenarios).

• At10-1fb, the EIC cannot compete with limits from rare decays.

    

[M.Gonderinger, M.Ramsey-Musolf]



EIC Sensitivity

• How does the EIC sensitivity compare to limits from rare decays?

• Vertical dashed lines and horizontal arrows indicate the range of limits 
from rare decays (“Totalitarian” vs “Democratic” scenarios).

• But at 1000-1fb, the EIC surpasses current rare decay limits. 

MORE LUMINOSITY: 1000  𝑓𝑏ିଵ  

 

29 

𝝀𝒊𝒋  𝑑ோ௝
஼ 𝑒ோ௜𝑺෩𝟎𝑹 

M. Gonderinger, INT 2010.10.25 

    

[M.Gonderinger, M.Ramsey-Musolf]



EIC Sensitivity vs Super-B

• How does the EIC sensitivity compare to limits from rare decays?

• Vertical dashed lines and horizontal arrows indicate the range of limits 
from rare decays (“Totalitarian” vs “Democratic” scenarios).

• At 1000-1fb, the EIC could compete with Super-B in for first generation 
quark couplings but not for higher generation quark couplings.
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1000  𝑓𝑏ିଵ  & SUPER-B 𝜏 → 𝑒𝛾  

𝝀𝒊𝒋  𝑑ோ௝
஼ 𝑒ோ௜𝑺෩𝟎𝑹 

    

[M.Gonderinger, M.Ramsey-Musolf]



Electroweak Spin Structure Functions



•  neutral currents (γ, Z exchange, γZ interference)  
•  charged currents (W exchange) 

at high enough Q2 electroweak probes become relevant  

parameterized by new structure functions which probe 
combinations of PDFs different from photon exchange 
--> flavor decomposition without SIDIS, e-w couplings 

hadron-spin averaged case: studied to some extent at HERA (limited statistics) 

hadron-spin difference: Wray; Derman; Weber, MS, Vogelsang; 
Anselmino, Gambino, Kalinowski; 

Blumlein, Kochelev; Forte, Mangano, Ridolfi; … 
contains  

e-w propagators 
and couplings 

unexplored so far – unique opportunity for an EIC 
9/6/11 Abhay Deshpande:  EW Physics Opportunities at the EIC 21 

EIC	&	Spin	Puzzle	
• Parton	helicity	distributions	are	sensitive	to	low-x	physics.	
• EIC	would	have	an	unprecedented	low-x	reach	for	a	spin	DIS	experiment,	

allowing	to	pinpoint	the	values	of	quark	and	gluon	contributions	to	
proton’s	spin:

• ΔG	and	ΔΣ are	integrated	over	x	in	the	0.001	<	x	<	1	interval.

Q2 = 10 GeV

DSSV+
EIC
EIC

5×100
5×250
20×250

all uncertainties for         ∆χ2=9

-1

-0.5

0

0.5

1

0.3 0.35 0.4 0.45
∆Σ 

∆G

current
data

2

x

Q2  (G
eV

2 )

EIC √s
= 14

0 G
eV

, 0.
01≤ y ≤

 0.9
5  

 

Current polarized DIS data:
CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet

1

10

10 2

10 3

10-4 10-3 10-2 10-1 1

EIC √s
= 45

 GeV
, 0.

01≤ y ≤
 0.9
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Electroweak DIS

• At high enough Q2 ,  weak boson exchange becomes relevant:

-NC DIS 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

�, Z exchange + interference (1)
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p
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L ⇠ 100� 200 fb�1 (7)
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sin ✓13 (9)
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���
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���
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���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

� sin ✓sol cos ✓sol �m2
sol ± sin ✓13ei��m2

atm

���
2

(11)

-CC DIS 

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

W exchange (1)

�, Z exchange + interference (2)

↵ = � (3)

⌧ ! e� (4)

z =
(�1↵�3�)/(M2

LQ

)

[(�1↵�3�)/(M2
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)]HERAlimit

(5)

LYukawa = ��ij
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L

�dj
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� �ij

e
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L

�ej
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+ h.c. (6)

p
s ⇠ 140 GeV (7)

L ⇠ 100� 200 fb�1 (8)

(9)

sin ✓13 (10)

• Corresponding structure functions probe different combinations of PDFs.



•  neutral currents (γ, Z exchange, γZ interference)  
•  charged currents (W exchange) 

at high enough Q2 electroweak probes become relevant  

parameterized by new structure functions which probe 
combinations of PDFs different from photon exchange 
--> flavor decomposition without SIDIS, e-w couplings 

hadron-spin averaged case: studied to some extent at HERA (limited statistics) 

hadron-spin difference: Wray; Derman; Weber, MS, Vogelsang; 
Anselmino, Gambino, Kalinowski; 

Blumlein, Kochelev; Forte, Mangano, Ridolfi; … 
contains  

e-w propagators 
and couplings 

unexplored so far – unique opportunity for an EIC 
9/6/11 Abhay Deshpande:  EW Physics Opportunities at the EIC 21 

NC Target-flip Parity-Violating Asymmetry

• Polarized beam ion beams at EIC provide a new 
direction for exploring the nucleon spin 
structure:

Target-flip parity violating asymmetries! 

-polarized 1H,2H,3H beams to be used 
-new structure functions arise
-new combinations of helicity structure functions

• Polarized nucleon asymmetry (unpolarized electron, polarized hadron):

1

• SUSY (RPV)

• SU(5), SO(10) GUTS

• Left-Right symmetric models

• Randall-Sundrum Models

• LeptoQuarks

• ...

A
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i
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p
s ⇠ 140 GeV (8)

L ⇠ 100� 200 fb�1 (9)

(10)

sin ✓13 (11)
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by properly fixing the values of v1,2 and a1,2; mq is the quark mass and we have dropped
terms proportional to qµ or qν which, when contracted with the leptonic tensor Lµν , give
contributions proportional to m"/E, consistently neglected in the whole paper. If the
quark has opposite spin it suffices to change the sign of s.

The antiquark tensors ωi,µν
q̄,s are defined exactly as in Eq.(21) with the only replacement

γ5 → −γ5; Eq.(22) can then be exploited also for antiquarks and gives ωµν
q̄,s as a result of

the usual replacement in the axial couplings, a1,2 → −a1,2.
Eqs.(20)-(22) give the quark-parton model predictions for the hadronic tensor W i,µν ;

by comparing them with the general expression, Eq.(7), one obtains the quark-parton
model results for the nucleon structure functions. For completeness we list all of them
here, starting from the electromagnetic case (i = γ):

F γ
1 =

1

2

∑

q

e2
q(q + q̄) F γ

2 = 2xF γ
1

gγ
1 =

1

2

∑

q

e2
q(∆q + ∆q̄) gγ

2 = 0
(23)

where q = qP + qA is the number density of quarks of flavour q and ∆q = qP − qA;
analogously for antiquarks.
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and the purely weak interaction (i = Z) leads to:
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by properly fixing the values of v1,2 and a1,2; mq is the quark mass and we have dropped
terms proportional to qµ or qν which, when contracted with the leptonic tensor Lµν , give
contributions proportional to m"/E, consistently neglected in the whole paper. If the
quark has opposite spin it suffices to change the sign of s.
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q̄,s are defined exactly as in Eq.(21) with the only replacement
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Eqs.(20)-(22) give the quark-parton model predictions for the hadronic tensor W i,µν ;
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• These structure functions are complementary to studies of 
nucleon spin structure:

-different weighting of helicity structure functions
-weights do not depend on fragmentation functions 

where e
q

denotes a quark’s electric charge. Higher order expansions contain calculable QCD
coe�cient functions [10, 11, 12]. The structure function g

1

(x,Q2) is thus directly sensitive
to the nucleon spin structure in terms of the combined quark and anti-quark spin degrees
of freedom. The gluon distribution �g enters the expression for g

1

only at higher order in
perturbation theory; however, it drives the scaling violations (i.e. the Q2-dependence) of
g
1

(x,Q2). Deep-inelastic measurements hence can also give insight into gluon polarization,
provided a large lever arm in Q2 is available at fixed x.

2.2.2 Status and Near Term Prospects

The EMC experiment [5, 22], using a lon-
gitudinally polarized muon beam and a sta-
tionary target that contained polarized pro-
tons, was the first experiment to explore
g
1

(x,Q2) down to momentum fractions x as
low as 0.01. When extrapolated over unmea-
sured x < 0.01 and combined with the cou-
plings in leptonic hyperon decays and the as-
sumption of SU(3) flavor symmetry [23, 24],
this led to the famous conclusion that the
quark and anti-quark spins constitute only a
small fraction of the proton spin. In addition,
with these assumptions, the polarization of
the strange quark sea in the polarized proton
is found to be negative. Significant progress
has been made since the EMC observations
on the proton’s spin composition. One main
focus has been on measurements with longi-
tudinally polarized lepton beams scattering
o↵ longitudinally polarized nucleons in sta-
tionary targets. Inclusive data have been ob-
tained in experiments at CERN [25, 26, 27],
DESY [28, 29], Je↵erson Laboratory [30, 31],
and SLAC [32, 33, 34, 35, 36] in scatter-
ing o↵ targets with polarized protons and

neutrons. The kinematic reach and preci-
sion of the data on g

1

(x,Q2) so far is similar
to that of the unpolarized structure function
F
2

(x,Q2) just prior to the experimental pro-
gram at the HERA electron-proton collider
(cf. Sidebar on page 19).

Figure 2.5 provides a survey of the re-
gions in x and Q2 covered by the world
polarized-DIS data, which is roughly 0.004 <
x < 0.8 for Q2 > 1GeV2. For a repre-
sentative value of x ' 0.03, the g

1

(x,Q2)
data are in the range 1GeV2 < Q2 <
10GeV2. This is to be compared to
1GeV2 < Q2 < 2000GeV2 for the unpolar-
ized data on F

2

(x,Q2) at the same x. The
figure also shows the vast expansion in x,Q2

reach that an EIC would provide, as will be
discussed below. Over the past 15 years,
an additional powerful line of experimental
study of nucleon spin structure has emerged:
semi-inclusive deep-inelastic scattering. In
these measurements, a charged or identified
hadron h is observed in addition to the scat-
tered lepton. The relevant spin-dependent
structure function,

gh
1

(x,Q2, z) =
1

2

X

q

e2
q

h
�q(x,Q2)Dh

q

(z,Q2) +�q̄(x,Q2)Dh

q̄

(z,Q2)
i
, (2.11)

depends on fragmentation functions
Dh

q,q̄

(z,Q2), where z is the momentum frac-
tion that is transferred from the outgoing
quark or anti-quark to the observed hadron
h. The non-perturbative fragmentation func-
tions are at present determined primarily
from precision data on hadron production

in e+e� annihilation through perturbative
QCD analysis [37, 38, 39, 40, 41]. Data from
the B-factories and the LHC are helping
to further improve their determination [41].
Also measurements of hadron multiplici-
ties at an EIC would contribute to a bet-
ter knowledge of fragmentation functions.
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• For example, in the SIDIS structure function, the helicity structure functions 
are weighted by fragmentation functions, extracted from QCD data:
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• Polarized nucleon asymmetry in CC DIS:

2

polarized nucleons. Djangoh also allows us to study and
quantify the size of electroweak radiative corrections, in
particular QED effects due to the emission of real photons
which can lead to significant shifts of the kinematic vari-
ables away from their “true” or Born-level values. Such
radiative corrections are known to be sizable in certain
kinematic regimes from NC and CC DIS measurements
at HERA and need to be properly unfolded.
We will demonstrate below that at an EIC one can per-

form measurements of CC DIS in the range x ! 0.02 [x !
0.01] and Q2 > 100GeV2, accessible with the planned
lepton and nucleon beam energies of 10 GeV × 250 GeV
[20 GeV × 250 GeV], with good resolution from the JB
method. Since the expected CC single-spin asymmetries
are large for most of the accessible x and Q2 region, rang-
ing from a few percent at low x up to O(80%) at large
x, even modest integrated luminosities of L = 10 fb−1

turn out to be sufficient for first meaningful measure-
ments. We use pseudo-data generated with Djangoh

in the above kinematic domain to study their potential
impact in constraining helicity PDFs. To this end, we
perform a global QCD analysis at next-to-leading order
(NLO) accuracy following the framework and method-
ology of the DSSV collaboration [7]. A similar type of
study was performed recently in Ref. [18] based on EIC
pseudo-data for polarized DIS in the low Q2 region dom-
inated by photon exchange. We note that a first, rough
exploratory study of CC DIS at an EIC, solely based on
simple estimates of expected statistical uncertainties, has
been performed in Sec. 1.12 of Ref. [11].
The remainder of the paper is organized as follows: in

the next Section we shall briefly recall the relevant for-
malism and expressions for the CC DIS cross section to
define our notation and conventions. In Sec. III we in-
troduce the updated event generator package Djangoh

which we utilize in Sec. IV to study the validity and ac-
curacy of the JB method for reconstructing the relevant
DIS kinematic variables from the measured hadronic final
state. In Sec. V we present expectations for the single-
spin asymmetries in CC DIS off polarized protons and
neutrons at an EIC and discuss their potential impact
on determinations of helicity parton distributions in the
context of a global QCD analysis at NLO accuracy. The
main results are summarized in Sec. VI.

II. CHARGED CURRENT DIS OFF
POLARIZED NUCLEONS

The first theoretical studies of electroweak spin-
dependent structure functions date back to the 1970s,
with renewed interest in the HERA era [19–21] when the
possibility to run with longitudinally polarized proton
beams was discussed. In this context, the first event gen-
erator for polarized CC DIS, Pepsi [22, 23], was devel-
oped and some numerical estimates for spin asymmetries
at HERA center-of-mass system (c.m.s.) energies were
performed [24, 25], but without including radiative ef-

fects or scrutinizing the validity of the JB method. NLO
QCD corrections to the polarized CC DIS process have
been calculated in [20]. In this Section we will briefly
review the relevant formalism at NLO accuracy to define
the notations and conventions used throughout the paper
and otherwise refer the reader to the PDG review [26].
The spin-dependent part of the CC cross section for the

scattering of a left-handed electron (W− exchange) off a
longitudinally polarized nucleon target N with helicity
±λN reads

d2∆σW−,N

dxdy
=

=
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−
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and Y± ≡ 1± (1 − y)2. Here, MW , GF , and αem denote
the W boson mass, Fermi constant, and electromagnetic
coupling, respectively, and Q2 = Sxy with

√
S the avail-

able c.m.s. energy. The corresponding unpolarized CC
cross section d2σW−,N/dxdy can be obtained from (1)
by replacing 2g1 → F3, g4 → −F2, and g5 → −F1; see,
e.g., Ref. [26] for details. We note that Eq. (1) agrees
with the expressions given in [26] except for the extra
factor 1/2 in our definition of d2∆σ, such that the exper-
imentally relevant single-spin asymmetry is defined in the
usual way as

AW−,N
L ≡

d2∆σW−,N/dxdy

d2σW−,N/dxdy
(3)

and will have values |AW−,N
L | ≤ 1.

The structure functions gW
−,N

i in (1) for a proton tar-
get and nf = 4 active quark flavors are given by

gW
−,p

1 (x) = ∆u(x) +∆d̄(x) +∆c(x) +∆s̄(x) , (4)

gW
−,p

5 (x) = −∆u(x) +∆d̄(x) −∆c(x) +∆s̄(x) (5)

at the leading order (LO) or naive parton model approx-
imation. g4 is related to g5 by the Dicus relation [27],
gL ≡ g4 − 2xg5, with gL = 0 at LO (i.e., the analog to
the Callan Gross relation in unpolarized DIS). The∆q(x)
denote the usual helicity parton densities of flavor q in a
longitudinally polarized proton.
The NLO corrections to (4), (5), and gL can be found

in Refs. [20, 21] and can be schematically cast into a
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with the expressions given in [26] except for the extra
factor 1/2 in our definition of d2∆σ, such that the exper-
imentally relevant single-spin asymmetry is defined in the
usual way as

AW−,N
L ≡

d2∆σW−,N/dxdy

d2σW−,N/dxdy
(3)

and will have values |AW−,N
L | ≤ 1.

The structure functions gW
−,N

i in (1) for a proton tar-
get and nf = 4 active quark flavors are given by

gW
−,p

1 (x) = ∆u(x) +∆d̄(x) +∆c(x) +∆s̄(x) , (4)

gW
−,p

5 (x) = −∆u(x) +∆d̄(x) −∆c(x) +∆s̄(x) (5)

at the leading order (LO) or naive parton model approx-
imation. g4 is related to g5 by the Dicus relation [27],
gL ≡ g4 − 2xg5, with gL = 0 at LO (i.e., the analog to
the Callan Gross relation in unpolarized DIS). The∆q(x)
denote the usual helicity parton densities of flavor q in a
longitudinally polarized proton.
The NLO corrections to (4), (5), and gL can be found

in Refs. [20, 21] and can be schematically cast into a
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• With a positron beam instead, we obtain new structure functions that 
give yet another combination of helicity structure functions:

3

simple form [28]

gNLO
1 (x,Q2) = ∆Cq,1 ⊗ gLO1 + nf ∆Cg ⊗∆g ,

gNLO
4 (x,Q2)

2x
= ∆Cq,4 ⊗

[

gLO4

2x

]

,

gNLO
5 (x,Q2) = ∆Cq,5 ⊗ gLO5 , (6)

where the symbol ⊗ denotes a convolutional integral
which turns into an ordinary product upon taking Mellin
n moments. The latter are defined as

g(n) =

∫ 1

0
xn−1g(x)dx (7)

for a function g(x), which is sufficiently regular as x →
1. The n moments of the relevant coefficient functions
∆Cq,i and ∆Cg,1 to NLO accuracy in the MS scheme are
straightforwardly obtained from the x space expressions
in [20] and read

∆Cq,1(n) =
αs

2π
CF

[

S2
1(n) +

(

3

2
−

1

n(n+ 1)

)

S1(n)

− S2(n) +
1

2n
+

1

n+ 1
+

1

n2
−

9

2

]

∆Cq,4(n) = ∆Cq,1(n) +
αs

2π
CF

(

1

n
+

1

n+ 1

)

∆Cq,5(n) = ∆Cq,1(n) +
αs

2π
CF

1

n(n+ 1)

∆Cg,1(n) = −
αs

2π
TF

n− 1

n(n+ 1)

(

S1(n)−
1

n
+ 1

)

(8)

with CF = 4/3, TF = 1/2, Sk(n) =
∑n

j=1 1/j
k, and αs

the scale-dependent strong coupling; see also [21]. The
n space coefficient functions (8) can be straightforwardly
implemented into the global analysis framework of the
DSSV collaboration [7] which will be utilized in our phe-
nomenological studies in Sec. V.
Charged current interactions via W+ exchange probe

alternative combinations of helicity PDFs than in
Eqs. (4) and (5),

gW
+,p

1 (x) = ∆ū(x) +∆d(x) +∆c̄(x) +∆s(x) , (9)

gW
+,p

5 (x) = ∆ū(x) −∆d(x) +∆c̄(x)−∆s(x) (10)

and are only accessible with positron beams which may or
may not be available at a future EIC. In lieu of positrons,
an effective polarized neutron target in electron DIS, e.g.,
a 3He beam with a tag on the spectator protons, also
adds valuable, additional information to a global deter-
mination of helicity PDFs. Assuming, as usual, that the
PDFs of the proton and the neutron are related by u ↔ d
isospin rotation, one probes essentially the same PDF
combinations as in Eqs. (9) and (10) except for the contri-
butions of the second quark family which are sub-leading
at the medium-to-large values of x accessible at an EIC.
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FIG. 1: LO and NLO polarized CC DIS structure functions

gW
−,N

i for protons (top) and neutrons (bottom) as a function
of x at Q2 = 1000GeV2 using the DSSV helicity PDFs [7].

In Fig. 1 we show the size of the NLO corrections to

the polarized structure functions gW
−,N

i for protons (top)
and neutrons (bottom) at a typical value of Q2 and range
in x relevant for CC DIS measurements at an EIC. As
can be seen, NLO effects are in general rather modest,
and the breaking of the Dicus relation is numerically very
small; note that the curves for gL are scaled by a factor
of 50 to make them visible. Corresponding QCD cor-
rections for unpolarized CC structure functions are also
small and, as we shall show below in Sec. V, almost com-
pletely cancel in the experimentally relevant spin asym-

metry AW−,N
L defined in Eq. (3). Also, notice that the

sign of the polarized structure functions gW
−,N

i flips upon
p ↔ n isospin rotation as ∆u(x) > 0 and ∆d(x) < 0 for
all sets of helicity PDFs.
Finally, we wish to recall the existence of novel sum

rules satisfied by CC structure functions, which are
equally fundamental as the Bjorken sum rule [29] in pure
photon exchange. For instance, one finds, including NLO
QCD corrections [21],

∫ 1

0
dx

[

gW
−,n

5 − gW
−,p

5

]

=

(

1−
2αs

3π

)

gA , (11)

where the superscripts p and n indicate measurements to
be taken on proton and neutron targets, respectively, and
gA represents the axial charge. Unfortunately, such sum
rules are likely of limited phenomenological relevance.

• Once again, a flavor separation of helicity structure functions 
independent of fragmentation functions can be achieved.

CC Target-flip Parity-Violating Asymmetry    

[See analysis for EIC: 
Aschenauer,Burton,Stratmann,Martin,Spiesberger]
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Figure 2.10: Single-longitudinal spin asymmetries for W� and W+ exchange at an EIC, using
polarized protons. A collision energy of

p
s = 141 GeV was assumed and cuts Q2 > 1 GeV2

and 0.1 < y < 0.9 were applied. The uncertainties shown are statistical, for 10 fb�1 integrated
luminosity.

the parity-violating single-longitudinal spin
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))
obtained from the cross sections for posi-
tive (p

R

) or negative (p
L

) proton helicity.
The figure also shows production-level sta-
tistical uncertainties for measurements at an
EIC with 10 fb�1 integrated luminosity. As

one can see, large asymmetries are expected
in the region of moderate to large x, where
the energies of the observed jet are typically
large. Their measurement provides unique
insights into the flavor composition of the
proton spin. A more detailed study has re-
cently been published [76].
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EIC with 10 fb�1 integrated luminosity. As
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in the region of moderate to large x, where
the energies of the observed jet are typically
large. Their measurement provides unique
insights into the flavor composition of the
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[EIC white paper]

• Large asymmetries expected in the 
region of moderate to large Bjorken-x.

• Measurement of this asymmetry can 
provide valuable information on 
nucleon spin structure.

• Electroweak physics at the EIC 
complements QCD physics at the EIC.

CC Target-flip Parity-Violating Asymmetry



Conclusions

• Electroweak physics at the EIC can play an important role for:

• This is facilitated by:

-high luminosity  
-wide kinematic range
-polarized beams
-range of nuclear targets

-constraining new physics via precision measurements of electroweak couplings 
-lepton flavor violation searches
-nucleon spin structure


