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• The EIC is primarily a QCD machine. But it can also provide for a vibrant program to study 
physics beyond the Standard Model (BSM), complementing efforts at other colliders.

• Such a program physics is faciliated by:
• high luminosity  
• wide kinematic range
• range of nuclear targets
• polarized beams

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
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Physics Beyond the Standard Model at the EIC

• Leptoquarks 
• R-parity violating Supersymmetry
• Right-handed W-bosons
• Doubly Charged Higgs bosons
• Excited leptons (compositeness)
• Dark Photons
• Charged Lepton Flavor Violation (CLFV)
• ...

• The EIC can play an important role in searching/constraining various new physics scenarios that 
include:

★ The addition of a polarized positron beam will 
enhance the BSM program at the EIC.  

• More generally,  new physics can be constrained through:

• Precision measurements of the electroweak parameters
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• LQs have a rich phenomenology and come in 14 types, classified according to: 

Leptoquarks

• Fermion number F=3B+L            [ |F|=0, 2 ]
• Spin                                           [scalar (S) or vector (V)]
• Chirality of coupling to leptons    [L or R]
• Gauge group quantum numbers   [SU(2)_L X  U(1)_Y]

• Leptoquarks (LQs) are color triplet bosons that couple leptons to quarks

• LQs arise in many BSM models:  

• Pati-Salam Model 
• GUTs: SU(5), SO(10),...
• Extended Technicolor
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Figure 1: Diagrams for (a) s-channel LQ production/exchange and (b) u-channel LQ
exchange and for (c) SM deep inelastic scattering via photon, Z0 and W exchange.
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● High luminosity (~100-1000 higher then HERA)
              HERA: L~1030-31cm-2s-1 (0.5 fb-1)
              EIC: L~1034cm-2s-1 (>50 fb-1)
● Electron and positron beam will probe different types of 

Leptoquarks
  -electron-proton collisions, mainly F=2 LQs prodused
  -positron-proton collisions, mainly F=0 LQs prodused

●  eD (deuterium) vs ep collisions
● LQs are chiral particles, gain in sensitivity due to polarised beams

eq. (2.1).
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(2.1)

In eq. (2.1), qL and ℓL 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),
τ⃗ = (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 + igT⃗ · W⃗µ + 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, uRℓLiS
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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Rµ
0 + hL

1 qLγµτ⃗ ℓLV⃗
Lµ
1 + h.c.

L|F |=2 = gL0 q
c
LϵℓLS

L
0 + gR0 u

c
ReRS

R
0 + g̃R0 d

c
ReRS̃

R
0 + gL1 q

c
Lϵτ⃗ ℓLS⃗

L
1 + gL1/2d

c
RγµℓLV

Lµ
1/2

+ gR1/2q
c
LγµeRV

Rµ
1/2 + g̃L1/2u

c
RγµℓLṼ
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• Renormalizable and gauge invariant couplings of LQs to quarks and leptons:

• Classification of the 14 types of LQs:

    

[Buchmuller, Ruckl,Wyler (BRW)]
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● High luminosity (~100-1000 higher then HERA)
              HERA: L~1030-31cm-2s-1 (0.5 fb-1)
              EIC: L~1034cm-2s-1 (>50 fb-1)
● Electron and positron beam will probe different types of 

Leptoquarks
  -electron-proton collisions, mainly F=2 LQs prodused
  -positron-proton collisions, mainly F=0 LQs prodused

●  eD (deuterium) vs ep collisions
● LQs are chiral particles, gain in sensitivity due to polarised beams

• In order to maximally exploit the phenomenology of LQs and be able to 
distinguish between different types of LQ states, we need:

-electron and positron beams       [separate |F|=0 vs |F|=2 ]
-proton and deuteron targets       [separate “eu” vs “ed” LQs ]
-polarized beams                         [separate L vs R]
-wide kinematic range                  [separate scalar vs vector LQs]

    

[Buchmuller, Ruckl,Wyler (BRW)]
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Leptoquarks: Electron vs Positron Beams
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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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• With electron beams, LQs couple to:

|F|= 2: 
     -quarks in s-channel 
     -antiquarks in u-channel           
 

• With positron beams, LQs couple to:

|F|= 2: 
      -antiquarks in s-channel
      -quarks in u-channel           

F= 0: 
     -antiquarks in s-channel
     -quarks in the u-channel  

F= 0: 
     -quarks in s-channel 
     -antiquarks in the u-channel   
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leptons were not differentiated.
5 http://projects.hepforge.org/mstwpdf/

6

• For                   where resonant production is possible in the s-channel, electron and positron 
beams can distinguish between F=0 and |F|=2 LQs.
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Figure 1: Left: s-channel resonant LQ production and decay to a lepton-quark pair. Right:
u-channel exchange of a LQ. The indices i and j represent quark generation indices, such that
λeqi

denotes the coupling of an electron to a quark of generation i, and λℓqj
is the coupling of

the outgoing lepton ℓ to a quark of generation j. For ℓ = µ, τ , the LQ introduces LFV.
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where x is the Bjørken scaling variable, y denotes the inelasticity of the ep scattering process,
ŝ = sx represents the square of the eq centre-of-mass energy and ΓLQ is the total LQ width. A
similar expression holds for the u channel exchange [12].

An overview of the extended effective model for the LQ coupling to u and d quarks is given
in table 1. For convenience only one LFV transition is considered: either between the first
and the second generations or between the first and the third generations. The branching ratio
LQ → µ(τ)q is given by

BR = βℓ × βLFV with βLFV =
Γµ(τ)q

Γµ(τ)q + Γe
and Γℓq = mLQλ

2
ℓq ×

{
1

16π scalar LQ
1

24π vector LQ
(2)

where Γℓq denotes the partial LQ decay width to a lepton ℓ = e, µ, τ and a quark q and where
βℓ =Γℓq/(Γℓq + Γνℓq) is the fraction of decays into charged leptons. Some LQs, namely SL

0 , SL
1 ,

V L
0 and V L

1 , can decay to a neutrino-quark pair resulting in βℓ = 0.5. Since neutrino flavours
cannot be distinguished with the H1 experiment, such final states are not covered in this search,
but they are implicitly included in the search for first generation LQs [13].

To determine the signal detection efficiencies, events with LQs are generated using the
LEGO [14] event generator with the CTEQ5L parametrisation of the parton distribution func-
tions (PDF) of the proton [15]. The LQ signal expectation is a function of the LQ type, mass,
coupling constant and βLFV. The analysis usually requires a large number of simulated signal
Monte Carlo (MC) samples. To overcome this technical difficulty, the LEGO program is used
to produce a high statistics MC signal event sample generated according to a double-differential
cross section d2σgeneric/(dx dQ2) obtained from (1) by replacing the Breit-Wigner LQ propaga-
tor term with a constant. This unique MC sample is used to calculate the efficiency to select a
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Leptoquarks: Electron vs Positron Beams

• For                   , the cross section for contact-interaction mediated processes are:
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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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• For                   electron and positron beams will give similar constraints F=0 and |F|=2 since LQs 
will appear as contact interactions. Precision measurements of electroweak couplings can help.
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Figure 1: Left: s-channel resonant LQ production and decay to a lepton-quark pair. Right:
u-channel exchange of a LQ. The indices i and j represent quark generation indices, such that
λeqi

denotes the coupling of an electron to a quark of generation i, and λℓqj
is the coupling of

the outgoing lepton ℓ to a quark of generation j. For ℓ = µ, τ , the LQ introduces LFV.

The double differential cross section for the s-channel tree level process is [12]:

d2σs

dxdy
=

1

32πŝ
︸ ︷︷ ︸

phase space

·
λ2

eqλ
2
ℓqŝ

2

(ŝ2 − m2
LQ)2 + m2

LQΓ2
LQ

︸ ︷︷ ︸

Breit-Wigner LQ propagator term

· qi(x, ŝ)

︸ ︷︷ ︸

parton density

×

{
1
2 scalar LQ
2(1 − y)2 vector LQ ,

(1)

where x is the Bjørken scaling variable, y denotes the inelasticity of the ep scattering process,
ŝ = sx represents the square of the eq centre-of-mass energy and ΓLQ is the total LQ width. A
similar expression holds for the u channel exchange [12].

An overview of the extended effective model for the LQ coupling to u and d quarks is given
in table 1. For convenience only one LFV transition is considered: either between the first
and the second generations or between the first and the third generations. The branching ratio
LQ → µ(τ)q is given by

BR = βℓ × βLFV with βLFV =
Γµ(τ)q

Γµ(τ)q + Γe
and Γℓq = mLQλ

2
ℓq ×

{
1

16π scalar LQ
1

24π vector LQ
(2)

where Γℓq denotes the partial LQ decay width to a lepton ℓ = e, µ, τ and a quark q and where
βℓ =Γℓq/(Γℓq + Γνℓq) is the fraction of decays into charged leptons. Some LQs, namely SL

0 , SL
1 ,

V L
0 and V L

1 , can decay to a neutrino-quark pair resulting in βℓ = 0.5. Since neutrino flavours
cannot be distinguished with the H1 experiment, such final states are not covered in this search,
but they are implicitly included in the search for first generation LQs [13].

To determine the signal detection efficiencies, events with LQs are generated using the
LEGO [14] event generator with the CTEQ5L parametrisation of the parton distribution func-
tions (PDF) of the proton [15]. The LQ signal expectation is a function of the LQ type, mass,
coupling constant and βLFV. The analysis usually requires a large number of simulated signal
Monte Carlo (MC) samples. To overcome this technical difficulty, the LEGO program is used
to produce a high statistics MC signal event sample generated according to a double-differential
cross section d2σgeneric/(dx dQ2) obtained from (1) by replacing the Breit-Wigner LQ propaga-
tor term with a constant. This unique MC sample is used to calculate the efficiency to select a
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︸ ︷︷ ︸

phase space

·
λ2

eqλ
2
ℓqŝ
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Leptoquarks: Polarized Lepton and Nuclear (p,D) 

• Different nuclear targets (p vs D) can help untangle different leptoquark states (“eu” vs “ed” LQs). 

8Julia Furletova

Leptoquarks at EIC

David South ICHEP 2012

● High luminosity (~100-1000 higher then HERA)
              HERA: L~1030-31cm-2s-1 (0.5 fb-1)
              EIC: L~1034cm-2s-1 (>50 fb-1)
● Electron and positron beam will probe different types of 

Leptoquarks
  -electron-proton collisions, mainly F=2 LQs prodused
  -positron-proton collisions, mainly F=0 LQs prodused

●  eD (deuterium) vs ep collisions
● LQs are chiral particles, gain in sensitivity due to polarised beams

• The chiral structure can be further unraveled through asymmetries involving both polarized lepton 
and nuclear beams.

is possible are given by the domains I+II. In domain I no effect will appear on the APC ’s
nor B’s and one misses the flavor separation. In the domain II it is possible to identify
the nature of the LQ without ambiguity.

4 Conclusion

Concerning the chances of discovery of Leptoquark states in the future HERA program
(with a high integrated luminosity), we have seen that there are still some windows that
are not covered by present data, in particular in the real domain (M <

√
s). Measure-

ments of the integrated unpolarized cross section in NC processes, at the highest possible
energy, should present the best opportunity. At this stage, polarized beams would not
yield better results.
Our purpose was mainly to explore the possibilities of disentangling the various LQ mod-
els. We present in Fig. 8 a schematic view of what can be done from the precise mea-
surements of the various observables we have discussed.
The first two steps are well known : with unpolarized e− and e+ beams it is easy to get in
the same time the separation between scalars and vectors (from the y distributions) and
between F = 0 and F = 2 LQs (from dσ±/dQ2).

The next steps are more difficult to perform. However, it is mandatory to try to
pin down the chiral structure of a newly discovered LQ-like particle. For example it is
worth recalling here that, due to SUSY, the R-parity breaking squarks have universal
left-handed couplings to leptons.

We have shown that polarization of the lepton beam should yield this information
thanks to the precise measurement of AL in both e− and e+ collisions. At this step the
polarization of the proton beams is not necessary. Note also that the sensitivities of the
PV asymmetry and of the unpolarized cross sections are comparable. This means that, if
polarized lepton beams are available in the same run, as soon as a LQ is discovered in e+

or e− collisions (via dσ/dQ2), one gets almost simultaneously his scalar or vector nature
(via dσ/dy) and the chiral structure of its couplings (via AL) .
Now, the next step is to try to get the flavor separation within the remaining classes of
models, which is the most difficult task. Indeed, CC processes with unpolarized beams
do not seem to be sufficient to fulfill this program, as long as ”neutron” beams, through
the use of ionized Deuterium or 3He atoms, are not available. On the other hand, the
behaviours of the polarized valence quark distributions ∆u and ∆d in a polarized proton
should allow to do this job. In the case of scalar LQs, measuring the PC double spin asym-
metries is sufficient. In the case of the remaining vectors, it is necessary to measure some
polarized charge asymmetries to obtain the separation at the same level of sensitivity. In
both cases, the price to pay is a proton beam with a high degree of polarization (P = 70%).

We feel that it was important to get an answer to the following question : are both
(lepton and proton) polarizations mandatory to completely disentangle the various LQ
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models present in the BRW lagrangians ? According to our analysis the answer is yes.
This conclusion holds certainly also for the TESLA×HERA project.

Finally, if we relax the working assumptions i-iv (see Section 1), the LQs can have a
more complex structure and the analysis should be less easy. In this case, like in the more
general context of Contact Interactions [35], the use of additional asymmetries, that one
can also define with lepton plus proton polarizations, should be very useful.

Moreover, polarized electron-neutron collisions could be performed with polarized 3He
beams : this option has been seriously considered in the framework of the RHIC-Spin pro-
gram at Brookhaven and also at HERA [22]. This could be the final goal of an ambitious
polarization program at HERA.
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[P.Taxil, E. Tugcu, J.M. Virey]   

Leptoquarks: Polarized Lepton and Nuclear (p,D) Beams

•  Various asymmetries involving both polarized leptons and e,D beams have been proposed to 
identify the nature of LQ states. 

metries. Indeed, since the LQs are chiral one can expect that the most important effects
will appear on the Parity Violating (PV) spin asymmetries which can be defined when
both beams are polarized or when there is lepton polarization only. Parity Conserving
(PC) spin asymmetries will also be of great help as well as some charge asymmetries.

We will only define and discuss below the quantities which turned out to be the best
ones to pin down the nature of the LQ and which have the stronger sensitivity to this
kind of new physics. We will start by recalling the definitions of the relevant asymmetries.

If one beam is polarized (in practice, the lepton beam) one can define the single-spin
parity-violating longitudinal asymmetry AL(et) : (t = ± according to the electric charge
of the lepton)

AL(e
t) =

σ−
t − σ+

t

σ−
t + σ+

t
, (4)

where σhe

t ≡ (dσt/dQ2)he and he is the helicity of the lepton. In addition, when both
lepton and proton beams are polarized, some double-spin PV asymmetries can be defined
[33]. For instance APV

LL is defined as :

APV
LL (e

t) =
σ−−
t − σ++

t

σ−−
t + σ++

t
, (5)

where σ
hehp

t ≡ (dσt/dQ2)hehp, and he, hp are the helicities of the lepton and the proton,
respectively.

On the other hand, with longitudinally polarized beams, one needs two polarizations to
define some parity-conserving (PC) asymmetries APC

LL . These well-known quantities have
been extensively used in polarized DIS to determine the spin structure of the nucleon [34].
Here we will use the following :

APC
1 =

σ−−
− − σ−+

−

σ−−
− + σ−+

−
, (6)

APC
2 =

σ++
− − σ+−

−

σ++
− + σ+−

−
, (7)

and

APC
3 =

σ++
+ − σ+−

+

σ++
+ + σ+−

+
, (8)

Finally, since e− as well as e+ (polarized) beams will be available at HERA, one
can define a large set of (polarized) charge asymmetries [35]. Among this set, only the
following turned out to be relevant for our purpose :

BU =
σ−−
− − σ++

− + σ++
+ − σ−−

+ + σ−+
− − σ+−

− + σ−+
+ − σ+−

+

σ−−
− + σ++

− + σ++
+ + σ−−

+ + σ−+
− + σ+−

− + σ−+
+ + σ+−

+
=

σ−0
− − σ+0

− + σ0+
+ − σ0−

+

σ−0
− + σ+0

− + σ0+
+ + σ0−

+

,

(9)
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and

BV =
σ−−
− − σ++

− + σ−−
+ − σ++

+ + σ+−
− − σ−+

− + σ−+
+ − σ+−

+

σ−−
− + σ++

− + σ−−
+ + σ++

+ + σ+−
− + σ−+

− + σ−+
+ + σ+−

+
=

σ0−
− − σ0+

− + σ−0
+ − σ+0

+

σ0−
− + σ0+

− + σ−0
+ + σ+0

+

,

(10)
where the index 0 means unpolarized and the order he, hp has been respected. Note
that both lepton and proton polarizations are necessary if one wants to measure these
quantities.

3.2 Unpolarized case

We consider first the case of neutral currents.
If a LQ is present in an accessible kinematic range at HERA, it will be discovered from the
analysis of dσt/dQ2 which have the greatest ”discovery” potential. However, if one starts
trying to pin down the various models, both dσt/dy and dσt/dQ2 have to be analyzed
simultaneously.

As is well known [4] the use of e− or e+ beams allows the separation of the 14 models
of LQs into two classes according to the value of the fermionic number F. This comes
from the dominant (LQ mediated) interaction between a valence quark and an e− (F =
2) or an e+ (F = 0).

Hence, a deviation from dσSM
− /dQ2 indicates the class (Stype or Vtype), whereas a de-

viation from dσSM
+ /dQ2 corresponds to the class (Rtype or Utype).

Then, the y dependence, which is obtained from the two dσt/dy, is the best way to
discriminate between a scalar and a vector interaction. Indeed, the SM background dis-
plays dσt/dy ∼ 1/y2 when the pure vector LQ case goes as y and the pure scalar LQ is
constant in y. It is straightforward to obtain these behaviours from the formulas given in
[4, 3] and in the Appendix.
We illustrate this pattern in Fig. 3 for two different choices of scalar and vector LQs, with
parameters allowed by the present limits. Since the separation is easy, in the following we
will treat scalar and vectors as two distinct species. Now the LQ models are separated in
four distinct classes :(Stype), (Rtype), (Vtype) and (Utype).

On the other hand, Charged Current (CC) processes could in principle allow to go
further into the distinction procedure. We have seen previously that only S1L and S3 for
scalars, U1L and U3 for vectors, can induce a deviation from SM expectations (if we do
not assume LQs mixing1). This means that the analysis of σCC

e−p allows to split the (Stype)

class into (S1L,S3) and (S1R,S̃1), while the (Utype) class is split into (U1L,U3) and (U1R,Ũ1).
In addition, it appears that when LQ exchange interferes with W exchange, S1L and

S3 display some opposite patterns (see Appendix), and this is also the case between U1L

and U3. However this interference term is too small to be measurable from unpolarized
1We refer to [36] for a discussion on scalar LQs mixings.
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models present in the BRW lagrangians ? According to our analysis the answer is yes.
This conclusion holds certainly also for the TESLA×HERA project.

Finally, if we relax the working assumptions i-iv (see Section 1), the LQs can have a
more complex structure and the analysis should be less easy. In this case, like in the more
general context of Contact Interactions [35], the use of additional asymmetries, that one
can also define with lepton plus proton polarizations, should be very useful.

Moreover, polarized electron-neutron collisions could be performed with polarized 3He
beams : this option has been seriously considered in the framework of the RHIC-Spin pro-
gram at Brookhaven and also at HERA [22]. This could be the final goal of an ambitious
polarization program at HERA.
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HERA Limits on LQs

 (TeV)LQM
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

λ

-210

-110

1

L
1/2S
R
1/2S
L
1/2S~

ex
cl

ud
ed

F=0 scalar LQ limit
)-1p (498 pb±ZEUS e

ZEUS

Figure 12: Coupling limits, λlimit, as a function of LQ mass for scalar F=0 BRW LQs.
The areas above the curves are excluded according to Eq. (5).
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Figure 13: Coupling limits, λlimit, as a function of LQ mass for vector F=0 BRW LQs.
The areas above the curves are excluded according to Eq. (5).
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Search for First Generation Leptoquarks in ep Collisions at HERA David M. South
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Figure 2: Exclusion limits for the 14 leptoquarks (LQs) described by the Buchmüller, Rückl and Wyler
model. The limits are expressed on the coupling λ as a function of leptoquark mass for the scalar LQs with
(a) F = 0 and (b) F = 2 and the vector LQs with (c) F = 0 and (d) F = 2. Domains above the curves are
excluded at 95%CL. The parentheses after the LQ name indicate the fermion pairs coupling to the LQ,
where pairs involving anti-quarks are not shown.
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R-Parity Violating (RPV) SUSY
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Figure 5.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) ˜tL, ˜tR mixing, (b) ˜bL,˜bR mixing, and (c) ˜τL, ˜τR mixing.

Figure 5.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u
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5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (5.1) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (5.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (5.7)

W∆B=1 =
1

2
λ′′ijkuidjdk (5.8)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in eq. (5.7)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (5.8)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 5.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
˜di
, (5.9)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 5.5 can be s̃ or ˜b, but not ˜d, for u, d quarks in the proton.
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5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (5.1) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (5.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (5.7)

W∆B=1 =
1

2
λ′′ijkuidjdk (5.8)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in eq. (5.7)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (5.8)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 5.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
˜di
, (5.9)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 5.5 can be s̃ or ˜b, but not ˜d, for u, d quarks in the proton.
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• With R-parity violation (RPV), the LSP is no longer stable, and many of the sparticle mass 
bounds from the LHC can be relaxed.

• SUSY RPV couplings (MSSM):

• R-parity:

Single squark production at 
HERA, EIC

1 Introduction

The ep collider HERA is ideally suited to search for new particles coupling to electron1–quark
pairs. In supersymmetric (SUSY) models with R–parity violation (̸Rp), squarks can couple
to electrons and quarks via Yukawa couplings λ′. At HERA, squarks with masses up to the
electron–proton centre–of–mass energy,

√
s = 319 GeV, could be produced resonantly via the

fusion of the incoming 27.6 GeV electron and a quark from the incoming 920 GeV proton.
Squark decays typically result in a number of high energetic particles in the final state, thus
several complementary multi–lepton and multi–jet topologies are investigated. The data used in
this analysis correspond to an integrated luminosity of 255 pb−1 for e+p collisions and 183 pb−1

for e−p collisions which represents the full data sample collected at
√
s = 319 GeV. For the

e−p sample, this represents an increase of a factor of thirteen compared to the previous H1
analysis [1], while for the e+p sample this corresponds to a factor of four. The search presented
here supersedes the results previously obtained by H1 [1,2]. Complementary direct searches for
R̸p SUSY have been carried out at the LEP e+e− collider [3,4] and at the Tevatron pp̄ collider [5,
6]. Indirect constraints from low energy precision observables are also available [7–10].

2 Phenomenology and Monte Carlo Simulation

2.1 Production of squarks inR–parity violating supersymmetry

Supersymmetric extensions of the Standard Model (SM) introduce new elementary particles
which are the superpartners (sparticles) of SM particles but differ in spin by half a unit. A
new quantum number Rp = (−1)3B+L+2S is defined, denoted R–parity, where B is the baryon
number, L the lepton number and S the spin of a particle. For particles Rp = 1 and for their
supersymmetric partners Rp = −1. Most of the collider searches focus on SUSY models
that conserve R–parity, allowing only pair–production of sparticles. However, the most gen-
eral supersymmetric theory that is renormalisable and gauge invariant with respect to the Stan-
dard Model gauge group does not impose R–parity conservation. Couplings between two SM
fermions and a squark (q̃) or a slepton (l̃) are then possible, allowing the single production of
sparticles. The R̸p Yukawa couplings responsible for squark production at HERA originate from
a lepton number violating term λ′

ijkLiQjDk in the superpotential, where i, j and k are family
indices. Li, Qj and Dk are superfields, which contain the left–handed leptons, the left–handed
up–type quarks and the right–handed down–type quarks, respectively, together with their SUSY
partners. Non–vanishing couplings λ′

1jk allow the resonant production of squarks at HERA via
eq fusion [11]. Feynman diagrams of these processes are shown in figure 1. The values of
the couplings are not fixed by the theory but are required to be small to conform with present
observations. For simplicity, it is assumed here that one of the λ′

1jk couplings dominates over
all the other trilinear R̸p couplings. At high Bjorken–x the density of antiquarks in the proton is
significantly smaller than that of the valence quarks. Hence e−p scattering gives sensitivity to
the couplings λ′

11k (k = 1, 2, 3) which dominate the production of d̃R–type squarks (i.e. the su-
perpartners d̃R, s̃R and b̃R of down–type quarks). The dominant contribution to the production

1In the following the generic term electron refers to both electron and positron unless explicitly stated otherwise.
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R-Parity Violating (RPV) SUSY
• For RPV production and RPV decay, signature is the same as for LQs:

• For other decays, the final state is more complicated:
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ŝ −→

e
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ℓ

q̄j

û −→

e
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Figure 1: Left: s-channel resonant LQ production and decay to a lepton-quark pair. Right:
u-channel exchange of a LQ. The indices i and j represent quark generation indices, such that
λeqi

denotes the coupling of an electron to a quark of generation i, and λℓqj
is the coupling of

the outgoing lepton ℓ to a quark of generation j. For ℓ = µ, τ , the LQ introduces LFV.

The double differential cross section for the s-channel tree level process is [12]:

d2σs

dxdy
=

1

32πŝ
︸ ︷︷ ︸

phase space

·
λ2

eqλ
2
ℓqŝ

2

(ŝ2 − m2
LQ)2 + m2

LQΓ2
LQ

︸ ︷︷ ︸

Breit-Wigner LQ propagator term

· qi(x, ŝ)

︸ ︷︷ ︸

parton density

×

{
1
2 scalar LQ
2(1 − y)2 vector LQ ,

(1)

where x is the Bjørken scaling variable, y denotes the inelasticity of the ep scattering process,
ŝ = sx represents the square of the eq centre-of-mass energy and ΓLQ is the total LQ width. A
similar expression holds for the u channel exchange [12].

An overview of the extended effective model for the LQ coupling to u and d quarks is given
in table 1. For convenience only one LFV transition is considered: either between the first
and the second generations or between the first and the third generations. The branching ratio
LQ → µ(τ)q is given by

BR = βℓ × βLFV with βLFV =
Γµ(τ)q

Γµ(τ)q + Γe
and Γℓq = mLQλ

2
ℓq ×

{
1

16π scalar LQ
1

24π vector LQ
(2)

where Γℓq denotes the partial LQ decay width to a lepton ℓ = e, µ, τ and a quark q and where
βℓ =Γℓq/(Γℓq + Γνℓq) is the fraction of decays into charged leptons. Some LQs, namely SL

0 , SL
1 ,

V L
0 and V L

1 , can decay to a neutrino-quark pair resulting in βℓ = 0.5. Since neutrino flavours
cannot be distinguished with the H1 experiment, such final states are not covered in this search,
but they are implicitly included in the search for first generation LQs [13].

To determine the signal detection efficiencies, events with LQs are generated using the
LEGO [14] event generator with the CTEQ5L parametrisation of the parton distribution func-
tions (PDF) of the proton [15]. The LQ signal expectation is a function of the LQ type, mass,
coupling constant and βLFV. The analysis usually requires a large number of simulated signal
Monte Carlo (MC) samples. To overcome this technical difficulty, the LEGO program is used
to produce a high statistics MC signal event sample generated according to a double-differential
cross section d2σgeneric/(dx dQ2) obtained from (1) by replacing the Breit-Wigner LQ propaga-
tor term with a constant. This unique MC sample is used to calculate the efficiency to select a
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R-Parity Violating (RPV) SUSY

• Exclusion limits:
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Figure 5.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) ˜tL, ˜tR mixing, (b) ˜bL,˜bR mixing, and (c) ˜τL, ˜τR mixing.

Figure 5.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
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5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (5.1) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (5.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (5.7)

W∆B=1 =
1

2
λ′′ijkuidjdk (5.8)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in eq. (5.7)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (5.8)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 5.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
˜di
, (5.9)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 5.5 can be s̃ or ˜b, but not ˜d, for u, d quarks in the proton.
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5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (5.1) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (5.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (5.7)

W∆B=1 =
1

2
λ′′ijkuidjdk (5.8)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in eq. (5.7)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (5.8)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 5.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
˜di
, (5.9)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 5.5 can be s̃ or ˜b, but not ˜d, for u, d quarks in the proton.
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Figure 7: Exclusion limits (95% CL) on λ′
11k for (a) k = 1, 2 and (b) k = 3 as a function of

the squark mass from a scan of the MSSM parameter space. The dark filled region indicates
values of the coupling λ′

11k excluded in all investigated scenarios whereas the light filled region
is excluded only in part of the scenarios. Indirect limits from neutrinoless double beta decay
experiments (ββ0ν) [7, 10] and tests of charged current universality (CCU) [9, 10] are also
shown. For comparison, the corresponding limits from the previous H1 analysis [1] are also
indicated.
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Right-Handed W-Boson

• Electroweak interactions in the Standard model 
violates parity maximally.24

2.2.4 Summary

A comparison of the essential properties of the Standard and Left-Right Symmetric

Models is shown in Table 2.1.

Table 2.1: A comparative summary of the properties of the Standard and Left-Right-
Symmetric models.

Standard Model Left-Right Symmetric model

Gauge Group SU(2)L ⌦ U(1)Y SU(2)L ⌦ SU(2)R ⌦ U(1)B�L
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A

R

Neutrinos ⌫L are massless ⌫L have small nonzero mass

⌫R do not exist NR are heavy partners

⌫ and N are Majorana particles

Gauge Bosons
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24

2.2.4 Summary

A comparison of the essential properties of the Standard and Left-Right Symmetric

Models is shown in Table 2.1.

Table 2.1: A comparative summary of the properties of the Standard and Left-Right-
Symmetric models.

Standard Model Left-Right Symmetric model

Gauge Group SU(2)L ⌦ U(1)Y SU(2)L ⌦ SU(2)R ⌦ U(1)B�L

Fermions

Left-hand doublets Left-hand doublets0

@ e

⌫e

1

A

L

0

@ µ

⌫µ

1

A

L

0

@ ⌧

⌫⌧

1

A

L

0

@ e

⌫e

1

A

L

0

@ µ

⌫µ

1

A

L

0

@ ⌧

⌫⌧

1

A

L

Right-hand singlets Right-hand doublets

(eR) (µR) (⌧R)

0

@ e

⌫e

1

A

R

0

@ µ

⌫µ

1

A

R

0

@ ⌧

⌫⌧

1

A

R

Neutrinos ⌫L are massless ⌫L have small nonzero mass

⌫R do not exist NR are heavy partners

⌫ and N are Majorana particles

Gauge Bosons

(after symmetry W±
L , Z0, � W±

L , W±
R , Z0, Z 0, �

breaking)

Higgs sector

(before symmetry

0

@ �+

�0

1

A bi-doublet �, triplet �L,R

breaking)

• The W-boson has interactions only with the left-
handed quarks and leptons.

• Left-Right Symmetric Models restore the symmetry between and left and right-handed quarks 
and leptons at high energies beyond the electroweak scale:

SU(3) SU(2)L U(1)Y

Qi
L =

(

uL

dL

) (

cL

sL

) (

tL
bL

)

3 2 1
6

(uc)i
L = (uc)L (cc)L (tc)L 3̄ 1 −2

3

(dc)i
L = (dc)L (sc)L (bc)L 3̄ 1 1

3

Li
L =

(

νeL

eL

) (

νµL

µL

) (

ντL

τL

)

1 2 −1
2

(ec)i
L = (ec)L (µc)L (τ c)L 1 1 1

Table 2: The fermion fields of the standard model and their gauge quantum numbers.

which yields

LMatter = iQ̄i
L D̸Qi

L + iūi
R D̸ui

R + id̄i
R D̸di

R + iL̄i
L D̸Li

L + iēi
R D̸ei

R . (28)

At this stage, all the fermions are massless. Majorana masses are forbidden by the fact
that all fermions carry hypercharge; in addition, some transform under a complex represen-
tation of SU(3), and some transform under a pseudoreal representation of SU(2)L. Dirac
masses are forbidden by the fact that no fermion transforms under the complex-conjugate
representation of another fermion.

The absence of fermion masses implies that LMatter has a good deal of (accidental) global
symmetry,

Qi
L → U ij

QL
Qj

L

ui
R → U ij

uR
uj

R

di
R → U ij

dR
dj

R

Li
L → U ij

LL
Lj

L

ei
R → U ij

eR
e

j
R .

This symmetry is accidental in the sense that it is not imposed, but rather follows from the
fermion content and gauge symmetries of the standard model. Since there are five indepen-
dent U(3) symmetries, the global flavor symmetry of the matter Lagrangian is [U(3)]5.

These global flavor symmetries are violated by the Yukawa couplings of the fermions to
the Higgs field (see Table 2),

LY ukawa = −Γij
u Q̄i

Lϵφ
∗uj

R − Γij
d Q̄i

Lφdj
R − Γij

e L̄i
Lφej

R + h.c. (29)

where Γu, Γd, Γe are 3 × 3 complex matrices in generation space.

Exercise 2.1 - Show that if φ is an SU(2)L doublet, then so is ϵφ∗ (see Exercise 1.5).

8

• Right-handed neutrinos, as evidenced by 
neutrino oscillations, require physics beyond the 
Standard Model

• Left-Right symmetric models predict the existence of new degrees of freedom, including a heavy 
right-handed W-boson and heavy right-handed neutrinos.
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Figure 2. Measurements of the polarisation asymmetries A± based on a preliminary combination of the H1 
and ZEUS data. The error bars denote the total uncertainty which is dominated by the uncorrelated error 
contributions. The curves describe the theoretical predictions in NLO QCD as obtained in fits to the H1 
inclusive data and to the inclusive and jet ZEUS data, respectively. Both fits have been performed using the 
unpolarised HERA I data.

2.3.  Total CC cross sections and right-handed current

The total CC cross sections have been measured by both H1 and ZEUS using their unpolarised HERA I data 
and polarised data taken in 2003-2005 in slightly different phase space. The H1 [2][9][11] and ZEUS 
[3][4][12] measurements, in a common phase space Q2>400GeV2 and y<0.9,  are compared in Fig. 3 with 
SM expectations from CTEQ6D [6] and MRST [14]. The linear dependence on Pe of the CC cross sections 
within the SM is expected as the W boson interacts only with Le�  and Re� . A straight line fit to these cross 
sections is sensitive to exotic right-handed current additions to the SM lagrangian. Assuming the equal 
coupling strength between the right and left-handed currents and a light right-handed neutrino mass, the 
lower mass limits set on WR at 95% confidence level (CL) are 208 and 186GeV based on H1 e+p [13] and e�p
[2] data  respectively. 

Figure 3. The dependence of the e±p CC cross 
sections on the lepton beam polarisation Pe. The 
inner and outer error bars represent the statistical 
and total errors respectively. The data are compared 
to SM predictions based on the CTEQ6D and 
MRST 2004 parameterisations.

Figure 4. Preliminary result at 68% CL on the weak 
neutral current couplings of u quark to the Z0 boson 
determined in a combined EW-QCD fit. The HERA 
result can be compared with those determined by the 
CDF experiment and from e+e� measurements at the 
Z0 resonance by LEP/SLC.

Right-Handed W-Boson

• The Standard Model W-boson only couples to 
left-handed electrons and right-handed positrons.

• Thus, the Standard Model predicts a linear 
dependence of the charged current (CC) cross-
section on the lepton beam polarization. 

HERA limits on the right-handed W mass:  

• Polarized electron and positron beams can test 
this Standard Model paradigm.

e^+p:  > 208 GeV 
e^-p:  > 186 GeV 

(assuming equal couplings for left and right handed Ws)  

[A.Atkas et.al (H1)]
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Doubly Charged Higgs
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FIGURE 2. Limits at 95% confidence level (CL) on the coupling hL,Ree (a), hL,Reµ (b) and hL,Reτ (c) of a
doubly-charged Higgs boson as a function of its mass.

a non-vanishing vacuum expectation value (vev). At the tree level, doubly charged Higgs
bosons couple to charged leptons and to other Higgs and gauge bosons. Couplings to
quarks are not allowed by charge conservation. Their coupling to charged leptons can
be generally described by the Lagrangian

L = hL,Ri j H
−−l̄ci PL,Rl j + h.c. ,

where i, j = e,µ,τ are lepton generation indices, PL,R = (1∓ γ5)/2, l are the charged
lepton fi elds and the superscript c denotes the charge conjugate spinors. The Yukawa
couplings hL,Ri j are free parameters of the model. Since the production processes at
HERA I are insensitive to the chirality of the lepton fi elds, the generic case of an either
right-handed or left-handed coupling, hi j, is considered here.
A recently published search [11] for the single production of doubly-charged Higgs

bosons H±± in ep collisions is reviewed. The signal is searched for via the Higgs decay
to a high mass pair of same charge leptons, one of them being an electron. The analysis
uses up to 118pb−1 of ep data collected by the H1 experiment at HERA. No evidence
for doubly-charged Higgs production is observed and mass dependent upper limits are
derived on the Yukawa couplings hel of the Higgs boson to an electron-lepton pair (see
Fig. 2). Assuming that the doubly-charged Higgs only decays into an electron and a
muon via a coupling of electromagnetic strength heµ = 0.3, a lower limit of 141GeV
on the H±± mass is obtained at 95% confi dence level (CL). For a doubly-charged
Higgs decaying only into an electron and a tau with a coupling heτ =0.3, masses below
112GeV are ruled out at 95% CL. Whereas the limits on hee can not compete with
existing constraints, the limits on heµ and heτ extend the excluded region signifi cantly.

SEARCH FOR EXCITED NEUTRINOS

Composite lepton models may introduce excited neutrinos and an effective Lagrangian
of the form

Lint =
1
2Λ

F̄∗
Rσ

µν
[

g f
τa

2
W a
µν +g′ f ′

Y
2
Bµν +gs fs

λ a

2
Gaµν

]

FL,

• The spontaneous parity violation in Left-Right symmetric (LRS) models occurs through a Higgs 
triplet whose neutral component gets a vacuum expectation value:
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2.2.4 Summary

A comparison of the essential properties of the Standard and Left-Right Symmetric

Models is shown in Table 2.1.

Table 2.1: A comparative summary of the properties of the Standard and Left-Right-
Symmetric models.

Standard Model Left-Right Symmetric model

Gauge Group SU(2)L ⌦ U(1)Y SU(2)L ⌦ SU(2)R ⌦ U(1)B�L

Fermions

Left-hand doublets Left-hand doublets0
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L

0
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A

R
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A

R

Neutrinos ⌫L are massless ⌫L have small nonzero mass

⌫R do not exist NR are heavy partners

⌫ and N are Majorana particles

Gauge Bosons

(after symmetry W±
L , Z0, � W±

L , W±
R , Z0, Z 0, �

breaking)

Higgs sector

(before symmetry

0

@ �+

�0

1

A bi-doublet �, triplet �L,R

breaking)
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• By the B-L symmetry, the doubly charged higgs has no couplings to quarks. It only couples to 
the leptons:

21Julia Furletova

Multi leptons and isolated leptons with missing P
T 

Scattered electron,
Undetected? 

Hadronic system,
low Pt

Neutrino, Pt miss 

Isolated lepton,Pt 

SM process with isolated lepton and P
T

miss
Anomalous triple gauge WWγ couplings

Multi-leptons in γγ process: look for
deviation from SM - resonances H±± decays into ee, eμ and

eτ pairs 

HERA limit: 

In  ee channel H
±±  

<138 GeV are
excluded for a coupling hee = 0.3.

In the eμ  channel masses below 141
GeV are excluded for a coupling 0.3 

In the  eτ channel masses below 112
GeV are excluded for a coupling  0.3

Resonance production, 

e.g. Doubly-charged Higgs bosons (H±±) 
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deviation from SM - resonances H±± decays into ee, eμ and

eτ pairs 

HERA limit: 

In  ee channel H
±±  

<138 GeV are
excluded for a coupling hee = 0.3.

In the eμ  channel masses below 141
GeV are excluded for a coupling 0.3 

In the  eτ channel masses below 112
GeV are excluded for a coupling  0.3

Resonance production, 

e.g. Doubly-charged Higgs bosons (H±±) 

• The signal is searched for via the doubly charged Higgs decay to same-sign charged leptons.

• These Yukawa couplings are unrelated to fermion mass generation for charged leptons. Thus, they 
are not constrained to be small. For large enough couplings, production and observation of a 
doubly charged Higgs production becomes feasible.

• This mechanism also generates a non-zero Majorana mass for a right-handed neutrino facilitating 
the Seesaw mechanism for neutrino masses.

• Associated with the right-handed W-boson might be a doubly charged Higgs.
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Doubly Charged Higgs
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FIGURE 2. Limits at 95% confidence level (CL) on the coupling hL,Ree (a), hL,Reµ (b) and hL,Reτ (c) of a
doubly-charged Higgs boson as a function of its mass.

a non-vanishing vacuum expectation value (vev). At the tree level, doubly charged Higgs
bosons couple to charged leptons and to other Higgs and gauge bosons. Couplings to
quarks are not allowed by charge conservation. Their coupling to charged leptons can
be generally described by the Lagrangian

L = hL,Ri j H
−−l̄ci PL,Rl j + h.c. ,

where i, j = e,µ,τ are lepton generation indices, PL,R = (1∓ γ5)/2, l are the charged
lepton fi elds and the superscript c denotes the charge conjugate spinors. The Yukawa
couplings hL,Ri j are free parameters of the model. Since the production processes at
HERA I are insensitive to the chirality of the lepton fi elds, the generic case of an either
right-handed or left-handed coupling, hi j, is considered here.
A recently published search [11] for the single production of doubly-charged Higgs

bosons H±± in ep collisions is reviewed. The signal is searched for via the Higgs decay
to a high mass pair of same charge leptons, one of them being an electron. The analysis
uses up to 118pb−1 of ep data collected by the H1 experiment at HERA. No evidence
for doubly-charged Higgs production is observed and mass dependent upper limits are
derived on the Yukawa couplings hel of the Higgs boson to an electron-lepton pair (see
Fig. 2). Assuming that the doubly-charged Higgs only decays into an electron and a
muon via a coupling of electromagnetic strength heµ = 0.3, a lower limit of 141GeV
on the H±± mass is obtained at 95% confi dence level (CL). For a doubly-charged
Higgs decaying only into an electron and a tau with a coupling heτ =0.3, masses below
112GeV are ruled out at 95% CL. Whereas the limits on hee can not compete with
existing constraints, the limits on heµ and heτ extend the excluded region signifi cantly.
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bosons couple to charged leptons and to other Higgs and gauge bosons. Couplings to
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be generally described by the Lagrangian

L = hL,Ri j H
−−l̄ci PL,Rl j + h.c. ,

where i, j = e,µ,τ are lepton generation indices, PL,R = (1∓ γ5)/2, l are the charged
lepton fi elds and the superscript c denotes the charge conjugate spinors. The Yukawa
couplings hL,Ri j are free parameters of the model. Since the production processes at
HERA I are insensitive to the chirality of the lepton fi elds, the generic case of an either
right-handed or left-handed coupling, hi j, is considered here.
A recently published search [11] for the single production of doubly-charged Higgs

bosons H±± in ep collisions is reviewed. The signal is searched for via the Higgs decay
to a high mass pair of same charge leptons, one of them being an electron. The analysis
uses up to 118pb−1 of ep data collected by the H1 experiment at HERA. No evidence
for doubly-charged Higgs production is observed and mass dependent upper limits are
derived on the Yukawa couplings hel of the Higgs boson to an electron-lepton pair (see
Fig. 2). Assuming that the doubly-charged Higgs only decays into an electron and a
muon via a coupling of electromagnetic strength heµ = 0.3, a lower limit of 141GeV
on the H±± mass is obtained at 95% confi dence level (CL). For a doubly-charged
Higgs decaying only into an electron and a tau with a coupling heτ =0.3, masses below
112GeV are ruled out at 95% CL. Whereas the limits on hee can not compete with
existing constraints, the limits on heµ and heτ extend the excluded region signifi cantly.
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bosons couple to charged leptons and to other Higgs and gauge bosons. Couplings to
quarks are not allowed by charge conservation. Their coupling to charged leptons can
be generally described by the Lagrangian

L = hL,Ri j H
−−l̄ci PL,Rl j + h.c. ,

where i, j = e,µ,τ are lepton generation indices, PL,R = (1∓ γ5)/2, l are the charged
lepton fi elds and the superscript c denotes the charge conjugate spinors. The Yukawa
couplings hL,Ri j are free parameters of the model. Since the production processes at
HERA I are insensitive to the chirality of the lepton fi elds, the generic case of an either
right-handed or left-handed coupling, hi j, is considered here.
A recently published search [11] for the single production of doubly-charged Higgs

bosons H±± in ep collisions is reviewed. The signal is searched for via the Higgs decay
to a high mass pair of same charge leptons, one of them being an electron. The analysis
uses up to 118pb−1 of ep data collected by the H1 experiment at HERA. No evidence
for doubly-charged Higgs production is observed and mass dependent upper limits are
derived on the Yukawa couplings hel of the Higgs boson to an electron-lepton pair (see
Fig. 2). Assuming that the doubly-charged Higgs only decays into an electron and a
muon via a coupling of electromagnetic strength heµ = 0.3, a lower limit of 141GeV
on the H±± mass is obtained at 95% confi dence level (CL). For a doubly-charged
Higgs decaying only into an electron and a tau with a coupling heτ =0.3, masses below
112GeV are ruled out at 95% CL. Whereas the limits on hee can not compete with
existing constraints, the limits on heµ and heτ extend the excluded region signifi cantly.
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• Exclusion limits:
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Excited Leptons (Compositeness)

• Such interactions appear as contact interactions (chirally invariant) between leptons or quarks  
at energies well below the compositeness scale:

– 1–

SEARCHES FOR QUARK AND
LEPTON COMPOSITENESS

Revised 2001 by K. Hagiwara (KEK), and K. Hikasa and
M. Tanabashi (Tohoku University).

If quarks and leptons are made of constituents, then at the

scale of constituent binding energies, there should appear new

interactions among quarks and leptons. At energies much below

the compositeness scale (Λ), these interactions are suppressed

by inverse powers of Λ. The dominant effect should come from

the lowest dimensional interactions with four fermions (contact

terms), whose most general chirally invariant form reads [1]

L =
g2

2Λ2

[

η
LL

ψ
L

γµ ψ
L

ψ
L

γµ ψ
L

+ η
RR

ψ
R

γµ ψ
R

ψ
R

γµ ψ
R

+2η
LR

ψ
L

γµ ψ
L

ψ
R

γµ ψ
R

]

. (1)

Chiral invariance provides a natural explanation why quark and

lepton masses are much smaller than their inverse size Λ. We

may determine the scale Λ unambiguously by using the above

form of the effective interactions; the conventional method [1]

is to fix its scale by setting g2/4π = g2(Λ)/4π = 1 for the new

strong interaction coupling and by setting the largest magnitude

of the coefficients ηαβ to be unity. In the following, we denote

Λ = Λ±
LL for (η

LL
, η

RR
, η

LR
) = (±1, 0, 0) ,

Λ = Λ±
RR for (η

LL
, η

RR
, η

LR
) = (0, ±1, 0) ,

Λ = Λ±
V V for (η

LL
, η

RR
, η

LR
) = (±1, ±1, ±1) ,

Λ = Λ±
AA for (η

LL
, η

RR
, η

LR
) = (±1, ±1, ∓1) , (2)

as typical examples. Such interactions can arise by constituent

interchange (when the fermions have common constituents, e.g.,

for ee → ee) and/or by exchange of the binding quanta (when-

ever binding quanta couple to constituents of both particles).

Another typical consequence of compositeness is the appear-

ance of excited leptons and quarks (ℓ∗ and q∗). Phenomeno-

logically, an excited lepton is defined to be a heavy lepton

which shares leptonic quantum number with one of the existing

leptons (an excited quark is defined similarly). For example,

CITATION: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 update for the 2014 edition (URL: http://pdg.lbl.gov)
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• Another interesting interaction (chirally invariant) is the magnetic transition  operator:

1 Introduction

The three-family structure and mass hierarchy of the known fermions is one of the most puz-
zling characteristics of the Standard Model (SM) of particle physics. Attractive explanations
are provided by models assuming composite quarks and leptons [1]. The existence of excited
states of leptons and quarks is a natural consequence of these models and their discovery would
provide convincing evidence of a new scale of matter. Electron1-proton interactions at very high
energies provide good conditions to search for excited states of first generation fermions. For
instance, excited electrons (e∗) could be singly produced through the exchange of a γ or a Z

boson in the t-channel.

In this letter a search for excited electrons using the complete e±p HERA collider data of
the H1 experiment is presented. Electroweak decays into a SM lepton (e, νe) and a SM gauge
boson (γ,W and Z) are considered and hadronic as well as leptonic decays of theW and Z are
analysed.

The data are recorded at electron beam energy of 27.6 GeV and proton beam energies of
820 GeV and 920 GeV, corresponding to centre-of-mass energies

√
s of 301 GeV and 319 GeV,

respectively. The total integrated luminosity of the data is 475 pb−1. The data comprise
184 pb−1 recorded in e−p collisions and 291 pb−1 in e+p collisions, of which 35 pb−1 were
recorded at

√
s = 301 GeV. With a four-fold increase in statistics, this analysis supercedes the

result of the previous H1 search for excited electrons [2]. It complements the search for excited
neutrinos [3].

2 Excited Electron Models

In the present study a model [4–6] is considered in which excited fermions are assumed to have
spin 1/2 and isospin 1/2. The left-handed and right-handed components of the excited fermions
form weak iso-doublets F ∗

L and F ∗
R.

Interactions between excited and ordinary fermions may be mediated by gauge bosons, as
described by the effective Lagrangian [5, 6]:

LGM =
1

2Λ
F̄ ∗

R σµν

[

gf
τa

2
W a

µν + g′f ′Y

2
Bµν + gsfs

λa

2
Ga

µν

]

FL + h.c. . (1)

Only the right-handed component of the excited fermion F ∗
R is allowed to couple to light

fermions, in order to protect the light leptons from radiatively acquiring a large anomalous mag-
netic moment [7, 8]. The matrix σµν is the covariant bilinear tensor,W a

µν , Bµν and Ga
µν are the

field-strength tensors of the SU(2), U(1) and SU(3)C gauge fields, τa, Y and λa are the Pauli ma-
trices, the weak hypercharge operator and the Gell-Mann matrices, respectively. The standard
electroweak and strong gauge couplings are denoted by g, g′ and gs, respectively. The parameter
Λ has units of energy and can be regarded as the compositeness scale which reflects the range

1In this letter the term “electron” refers to both electron and positrons, if not otherwise stated.
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Excited  Fermions 
ep-> e*-> eγX ep-> ν*->νγX
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● Production via t-channel γ(Z0),W exchange

● Lepton de-excitation by emission of γ
● Observation would be direct evidence for

compositeness 
● Compositeness could explain the three

lepton/quark families and their mass hierarchy

HERA

• If leptons or quarks have substructure, new types of interactions are expected at the 
compositeness scale. Could explain the mass hierarchy of the lepton and quark families.

excited electron excited neutrino excited quark
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Excited Leptons (Compositeness)
• The chirally invariant coupling of the excited lepton [left(right)-handed 
lepton couples only to the right(left)-handed excited electron] is 
motivated by success of quantum electrodymamics in predicting the g-2 
value of the electron.

• The study of the structure of such chiral couplings (GM,and CI) is once 
again facilitated by polarized beams.

• For excited neutrinos, that involve W-exchange, a polarized lepton beam 
can be used in the same way as in the search for the right-handed W.
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Excited states of first generation fermions

• Exclusion limits:
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Dark Photon Search

Image: GALEX, JPL-Caltech, NASA; Drawing: APS/Alan Stonebraker

• Observed excess of high energy cosmic ray 
positrons could be a tantalizing hint for dark matter 
annihilation through dark sector photons (dark 
photons, A’) that couple to leptons (for example 
through kinetic mixing).

• The lack of a similar excess for antiprotons 
suggest a dark photon mass range
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w = 1/3 (radiation) (11)

w = �1 (dark energy) (12)
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Dark Photon Search

• The lack of a similar excess for antiprotons 
suggest a dark photon mass range

• Such a dark photon could play a role in explaining 
the muon magnetic moment anomaly:
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w = 0 (dust) (10)
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w = �1 (dark energy) (12)

• Observed excess of high energy cosmic ray 
positrons could be a tantalizing hint for dark matter 
annihilation through dark sector photons (dark 
photons, A’) that couple to leptons (for example 
through kinetic mixing).
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Dark Photon Search

• A positron beam incident on the target would allow a search for the dark photon: 
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Abstract: We propose an experiment to search for a new gauge boson A0 in e

+
e

�

annihilation by means of a positron beam incident on a gas hydrogen target internal to

the bypass at the VEPP–3 storage ring. The search method is based on a missing mass

spectra in the reaction e

+
e

� ! �A0. It allows observation of the A0 signal independently

of its decay modes and life time. The projected result of this experiment corresponds to

an upper limit on the square of the coupling constant "2 = 3 · 10�8 with a signal-to-noise

ratio of two to one at an A0 mass of 5-20 MeV.

Keywords: e

+-e� Experiments, Dark Matter, Beyond Standard Model
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Figure 5: Schematic of the Positron Annihilation into Dark Matter Experiment (PADME).

undetected. If any kind of interaction causes the positron to lose more than 50 MeV of energy
the magnet bends it into the spectrometer acceptance, providing the veto capabilities against
background. If a U boson decays into e

+
e

�, the tracks are also detected by the spectrometer. This
could be used to perform visible decay searches.

Due to the very thin target the majority of beam does not interact. It is transported in
vacuum to the end of the experimental setup and can be reused for detector testing, provided that
appropriate beam transport system is built.

The proposed experiment is compatible with the operation of the DA�NE ring. However due
to the 40% reduction of the available beam time due to injection into the DA�NE machine a longer
data taking period or a reduction of the sensitivity should be foreseen. A standalone operation has
the advantage of profiting from beam energy variation and nominal running conditions.

4.1 U Boson production at BTF

The possible U boson production mechanisms accessible in e

+-on-target collisions are e

+
e

� ! U�

and e

+
A ! e

+
AU , the so called annihilation and U-strahlung production:

e�

e�

e+

U U

�

AnnihilationU � strahlung

A

e�

Figure 6: U boson production mechanisms.

Both process are similar to the ones for ordinary photons, as shown in Figure 6, and their
cross section scales with ✏

2. The present linac maximum positron energy of 550 MeV allows the
production of U bosons through annihilation up to a centre of mass energy of 23.7 MeV. The
kinematical constraints of the initial state is of great importance for rejecting the background.

The cross sections for annihilation and bremsstrahlung emission of an ordinary photon with
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• Kinematics of process is especially simple 
and allows for a more general dark photon 
search without assumptions about its decay 
modes:
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• For more details, see talk by P. Valente and 
L.Marsicano
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Precision Measurements of the Weak Neutral Current Couplings
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coexistence of other leptoquarks because they can satisfy constraints from other experiments and at the same time
would not give any sizable contribution to aµ.

The most obvious limits on leptoquarks are the direct search limits at the Tevatron pp̄ collision and at the HERA
e±p collision, based on two NLO calculations [14]. Both CDF and DØ searched for the first and second generation
leptoquarks. Their limits are independent of the leptoquark couplings because the production is via the strong
interaction. The lower limits on the first (LQ1) and second (LQ2) generation scalar leptoquarks are given by [1]

MLQ1 > 242 GeV for β = 1 (CDF and DØ combined) ,

MLQ2 > 202 (160) GeV for β = 1(0.5) (CDF) ,

MLQ2 > 200(180) GeV for β = 1(0.5) (DØ) , (19)

where β = B(LQ → ℓq). At HERA, the direct searches are limited to the first generation leptoquarks and depend on
the leptoquark couplings. The best limits with λ = e are [2]

MLQ1 > 280 GeV (ZEUS) , (20)

MLQ1 > 275 GeV (H1) . (21)

The leptoquark solutions in Eq. (16) are safe with these limits.
There are also other existing constraints. Especially, if the first-second-generation universality is assumed for the

leptoquarks, very strong constraints come from low energy and high energy experiments [15,16]. Among the constraints
the APV and the CC universality are the most relevant to leptoquarks.
First-second-generation universality

It is convenient to parameterize the effective interactions of leptoquarks in terms of contact parameters ηℓq
αβ , where

α and β denote the chirality of the lepton and the quark, respectively, when the mass of the leptoquarks are larger
than the energy scale of the experiment. The contact parameters are defined by

LΛ =
∑

ℓ,q

{

ηℓq
LLℓLγµℓLqLγµqL + ηℓq

LRℓLγµℓLqRγµqR + ηℓq
RLℓRγµℓRqLγµqL + ηℓq

RRℓRγµℓRqRγµqR

}

. (22)

The APV is measured in terms of weak charge QW . The updated data with an improved atomic calculation [17,18]
is about 1.0σ larger than the SM prediction, namely, ∆QW ≡ QW (Cs)−QSM

W (Cs) = 0.44± 0.44. The contribution to
∆QW from the contact parameters is given by [15,16]

∆QW = (−11.4 TeV2) [−ηeu
LL + ηeu

RR − ηeu
LR + ηeu

RL] + (−12.8 TeV2)
[

−ηed
LL + ηed

RR − ηed
LR + ηed

RL

]

. (23)

Another important constraint is the CC universality. It is expressed as ηCC = ηed
LL − ηeu

LL = (0.051 ± 0.037) TeV−2.
These ∆QW and ηCC are the two most important constraints relevant to leptoquarks. With the first-second-generation
universality ηeu

αβ = ηµc
αβ and ηed

αβ = ηµs
αβ . We are going to analyze the leptoquark solutions that we found above with

respect to these two constraints. Other high energy experiments such as HERA deep-inelastic scattering, Drelly-Yan
production, and LEPII hadronic cross sections also constrained leptoquarks, but are relatively easy to satisfy with
TeV mass leptoquarks [15].

For the F = 0 leptoquark S1/2 with the interaction given in Eq. (8), the contributions to η are

ηµc
LR = −

|λL|2

2M2
S1/2

, ηµc
RL = −

|λR|2

2M2
S1/2

, (24)

which are equal to −(0.01−0.07) TeV−2 for λL = −λR = e and the mass range in Eq. (16). Similarly for the F = −2
leptoquark S0 with the interaction given in Eq. (10), the contributions to η are

ηµc
LL =

|gL|2

2M2
S0

, ηµc
RR =

|gR|2

2M2
S0

, (25)

which are equal to 0.01 − 0.08 TeV−2 for gL = −gR = e and the mass range in Eq. (16).
Both of these leptoquarks do not contribute to ∆QW as the contributions get canceled. While S1/2 does not

contribute to ηCC , S0 contributes to ηCC but in the opposite direction. The lower mass range of S0 is then ruled out
by the ηCC constraint.
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Table 4: Coefficients defining the linear combinations in Eq. (30). CHARM has been adjusted
to be directly comparable to CDHS. The average momentum transfer, Q2 = −q2, is also
shown. In the case of NuTeV it corresponds to the geometric mean between the average
log Q2-values of neutrino and anti-neutrino reactions. In the case of the CCFR [87] and
NuTeV experiments, δ has been absorbed into the ϵ parameters.

Quantity Group(s) δ Q2 [GeV2] aL(u) aL(d) aR(u) aR(d)

g2
L NuTeV 0 12 1 1 0 0

g2
R NuTeV 0 12 0 0 1 1

Rν CCFR 0 35 1.698 1.881 1.070 1.226
Rν CDHS + CHARM 0.023 21 0.936 1.045 0.379 0.453
Rν̄ CDHS + CHARM 0.026 11 0.948 1.134 2.411 2.690
Rν̄ CDHS (1979) 0.024 11 0.944 1.126 2.295 2.563

but elastic ν scattering continues to play a crucial role in form factor measurements (see Section 6.2).
NC ν-e scattering [106] is described by the Lagrangian (24) with f = e, and one usually extracts,

gνe
V = ϵL(e) + ϵR(e) = −

1

2
+ 2 sin2 θW , gνe

A = ϵL(e) − ϵR(e) = −
1

2
. (31)

EW radiative corrections to gνe
V,A have been obtained in Refs. [107,108]. The results are summarized

in Table 5. νe scattering has been studied at LANL [114,115] and ν̄e scattering at the Savannah River
plant [116]. In these cases one has to add the CC Lagrangian so that effectively, ϵL(e) → ϵL(e) + 1,
and, gνe

V,A → gνe
V,A + 1. The basic observables are the cross sections, which in the limit of large incident

ν energies, Eν ≫ me, read,

σ =
G2

F meEν

2π

[

(gνe
V ± gνe

A )2 +
1

3
(gνe

V ∓ gνe
A )2

]

, (32)

where the upper (lower) sign refers to (anti-)neutrinos. Some experiments achieved slight improvements
by also including differential cross section information. The NC-CC interference in νe-e scattering
resolves a sign ambiguity, gνe

V,A → −gνe
V,A, relative to the CC coupling, and is found in agreement with

the SM [114]. A new reactor-based elastic ν̄e-e− scattering experiment has been suggested in Ref. [103],
aiming at an improvement by a factor of four in sin2 θW relative to the results in Table 5.

2.2 Charged Lepton Scattering

The parity (P) or charge-conjugation7 (C) violating NC Lagrangian for charged lepton-hadron scattering
is given by (assuming lepton-universality),

Lνf
NC =

GF√
2

∑

q

[

C1q ℓ̄γ
µγ5ℓq̄γµq + C2q ℓ̄γ

µℓq̄γµγ5q + C3q ℓ̄γ
µγ5ℓq̄γµγ5q

]

, (33)

where the effective couplings at the SM tree level are again obtained from Eqs. (12) and (13),

C1q = −T q
3 + 2Qq sin2 θW , C2u = −C2d = −

1

2
+ 2 sin2 θW , C3u = −C3d =

1

2
. (34)

7We refer here to the conjugation of the lepton charge, and not the fundamental charge-conjugation operation which
would also require replacing the target by anti-matter.
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Contact Interactions
• New physics at low energies can be parameterized in terms of contact interactions (eg. LQs, 
RPV SUSY, Excited Fermions, etc. )

• These contact interactions can be mapped onto the usual parameterization of the electroweak 
couplings:

• Tree-level Standard Model values:

Experimentally, parity violation observables can be used to access the lepton or quark
neutral weak couplings. Since each neutral weak coupling can be used to extract the
weak mixing angle, whether they all provide a single and ubiquitous value for sin2 θW
provides a test of the integrity of the current Standard Model. On the other hand, it is
believed that the current Standard Model is not the ultimate theory, but instead is only a
subset of a larger theoretical framework, which ultimately describes all four interactions.
In other words, the current StandardModel might be only a “low energy” approximation.
From this point of view, measurements of the neutral weak couplings and extractions of
the weak mixing angle will provide a window to access these New Physics, should their
results deviate from the present Standard Model predictions.

ACCESSING NEUTRALWEAK COUPLINGS IN CHARGED
LEPTON SCATTERING

The neutral weak Lagrangian for electron scattering contains the following terms:

Le
−scatt.
NC = ∑

q

[

ceAc
q
V ēγ

µγ5eq̄γµq+ ceV c
q
Aēγ

µeq̄γµγ5q+ ceAc
q
Aēγ

µγ5eq̄γµγ5q
]

= ∑
q

[

C1qēγµγ5eq̄γµq+C2qēγµeq̄γµγ5q+C3qēγµγ5eq̄γµγ5q
]

, (3)

where C1q ≡ ceAc
q
V , C2q ≡ ceV c

q
A and C3q ≡ ceAc

q
A. The Standard Model predictions for u

and d quarks are:

C1u = −
1
2

+
4
3
sin2(θW ) , C2u = −

1
2

+2sin2(θW ) , C3u =
1
2

, (4)

C1d =
1
2
−
2
3
sin2(θW ) , C2d =

1
2
−2sin2(θW ) , C3d = −

1
2

. (5)

Among the three terms on the r.h.s. of Eq. (3), the first two terms are parity-violating and
will induce a cross section asymmetry between left- and right-handed electron scattering
off unpolarized nuclear or nucleon targets, while the third term is charge-conjugate-
violating but does not violate parity, and can only be accessed by comparing cross
sections of lepton to anti-lepton scatterings.
Current experimental status on Ciq was summarized on Table 6 of Ref.[1], and is

illustrated in Fig. 1. Compared to C1,2q, experimental data on C3q are sparse: There
exist only two measurements using comparisons of polarized muon vs. anti-muon deep
inelastic scattering (DIS) cross sections off a carbon target at CERN [2, 3]. Using a
uncertainty of ±0.24 for 2C2u−C2d , the constraint on 2C3u−C3d is found to be±0.490
from the CERN 200 GeV data. Our knowledge on C3q can be improved by comparing
polarized electron vs. positron DIS cross sections should a high luminosity polarized
positron beam becomes available.
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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

25



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.
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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

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

C1q = 2⇧̂NCIe
3

⇤
Iq
3 � 2Qq⇤̂ sin2 ⇥̂W

⌅
� 1

2
⌅̂q

1 (6)

C2q = 2⇧̂NCIq
3

⇤
Ie
3 � 2Qe⇤̂ sin2 ⇥̂W

⌅
� 1

2
⌅̂q

2 . (7)

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

• 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]
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Table 4: Coefficients defining the linear combinations in Eq. (30). CHARM has been adjusted
to be directly comparable to CDHS. The average momentum transfer, Q2 = −q2, is also
shown. In the case of NuTeV it corresponds to the geometric mean between the average
log Q2-values of neutrino and anti-neutrino reactions. In the case of the CCFR [87] and
NuTeV experiments, δ has been absorbed into the ϵ parameters.

Quantity Group(s) δ Q2 [GeV2] aL(u) aL(d) aR(u) aR(d)

g2
L NuTeV 0 12 1 1 0 0

g2
R NuTeV 0 12 0 0 1 1

Rν CCFR 0 35 1.698 1.881 1.070 1.226
Rν CDHS + CHARM 0.023 21 0.936 1.045 0.379 0.453
Rν̄ CDHS + CHARM 0.026 11 0.948 1.134 2.411 2.690
Rν̄ CDHS (1979) 0.024 11 0.944 1.126 2.295 2.563

but elastic ν scattering continues to play a crucial role in form factor measurements (see Section 6.2).
NC ν-e scattering [106] is described by the Lagrangian (24) with f = e, and one usually extracts,

gνe
V = ϵL(e) + ϵR(e) = −

1

2
+ 2 sin2 θW , gνe

A = ϵL(e) − ϵR(e) = −
1

2
. (31)

EW radiative corrections to gνe
V,A have been obtained in Refs. [107,108]. The results are summarized

in Table 5. νe scattering has been studied at LANL [114,115] and ν̄e scattering at the Savannah River
plant [116]. In these cases one has to add the CC Lagrangian so that effectively, ϵL(e) → ϵL(e) + 1,
and, gνe

V,A → gνe
V,A + 1. The basic observables are the cross sections, which in the limit of large incident

ν energies, Eν ≫ me, read,

σ =
G2

F meEν

2π

[

(gνe
V ± gνe

A )2 +
1

3
(gνe

V ∓ gνe
A )2

]

, (32)

where the upper (lower) sign refers to (anti-)neutrinos. Some experiments achieved slight improvements
by also including differential cross section information. The NC-CC interference in νe-e scattering
resolves a sign ambiguity, gνe

V,A → −gνe
V,A, relative to the CC coupling, and is found in agreement with

the SM [114]. A new reactor-based elastic ν̄e-e− scattering experiment has been suggested in Ref. [103],
aiming at an improvement by a factor of four in sin2 θW relative to the results in Table 5.

2.2 Charged Lepton Scattering

The parity (P) or charge-conjugation7 (C) violating NC Lagrangian for charged lepton-hadron scattering
is given by (assuming lepton-universality),

Lνf
NC =

GF√
2

∑

q

[

C1q ℓ̄γ
µγ5ℓq̄γµq + C2q ℓ̄γ

µℓq̄γµγ5q + C3q ℓ̄γ
µγ5ℓq̄γµγ5q

]

, (33)

where the effective couplings at the SM tree level are again obtained from Eqs. (12) and (13),

C1q = −T q
3 + 2Qq sin2 θW , C2u = −C2d = −

1

2
+ 2 sin2 θW , C3u = −C3d =

1

2
. (34)

7We refer here to the conjugation of the lepton charge, and not the fundamental charge-conjugation operation which
would also require replacing the target by anti-matter.
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Le↵ =
X

`,q

(1)

Le↵ =
G

Fp
2

X

`,q

(2)

M2
A

0 = (P target
e

� + P beam
e

+ � P
�

)2 (3)

2m
e

< M
A

0 . few GeV (4)

MLQ .
p
s (5)

MLQ �
p
s (6)

� = 2↵ (7)

� = 3↵ (8)

�A = A� A0 = � A0 �T (9)

�V = V � V0 = � V0 �T (10)

L� L0 = ↵ L0 (T � T0) (11)

�L = ↵ L0 �T (12)

As mentioned above, coexistence of other leptoquarks could satisfy the constraints on ∆QW and ηCC . The ∆QW

constraint can be satisfied by the coexistence of either SR
1/2

(−2/3)
with interactions −λR eR dL SR

1/2
(−2/3)

+ h.c., or S⃗L
1

with interactions −g3L(u(c)
L eL SL(1/3)

1 +
√

2 d(c)
L eL SL(4/3)

1 )+h.c. [15]. The mass required to fit to ∆QW is MSR
1/2

= 1.2

TeV or M
S⃗L

1
= 2.0 TeV with electromagnetic coupling strength. For such heavy leptoquarks with only a left-handed

or right-handed coupling, their contributions to ∆aµ are certainly negligible. At the same time S⃗L
1 contributes to ηCC

in the right direction, while SR
1/2

(−2/3)
does not.

Summarizing, we can have the following three viable combinations of leptoquarks.

1. S1/2
(−5/3) and S⃗L

1 . The former explains ∆aµ and the latter satisfies ∆QW and in the right direction as ηCC .
This is the best scenario.

2. S1/2
(−5/3) and SR

1/2
(−2/3)

. The former explains ∆aµ and the latter satisfies ∆QW . They both have no effect on
ηCC , but it is fine.

3. S0 and S⃗L
1 . The former explains ∆aµ but violates ηCC . The latter can help pulling the leptoquark solution

within a reasonable deviation in ηCC and still partially explaining ∆QW .

No first-second-generation universality
In this case, virtually no constraints exist on the second generation leptoquarks. The constraint of D+

s → µ+ν
mentioned in Ref. [9] only applies to a very low leptoquark mass, which has already been ruled out by direct search
[1]. There was a low-energy muon deep-inelastic scattering experiment on carbon [19]. An analysis [20] showed that
this µC experiment results in a constraint

2∆C3u − ∆C3d = −1.505 ± 4.92 (26)

2∆C2u − ∆C2d = 1.74 ± 6.31 (27)

where ∆C2q = (ηℓq
LL−ηℓq

LR +ηℓq
RL−ηℓq

RR)/(2
√

2GF ) and ∆C3q = (−ηℓq
LL +ηℓq

LR +ηℓq
RL−ηℓq

RR)/(2
√

2GF ). The leptoquark
solutions of S1/2 and S0 give ∆C2q = 0 and ∆C3q ∼ −10−3. Therefore, the constraint from the µC scattering is too
weak to affect the leptoquark solutions.

We conclude that the 2.6σ deviation in the recent aµ measurement places useful constraints on leptoquark models.
To account for the aµ data the leptoquark must have both the left- and right-handed couplings to the muon. Assuming
that the couplings have electromagnetic strength, the mass is restricted to be about 0.7 TeV < MLQ < 2.2 TeV. If no
first-second-generation universality is assumed, this mass range is well above the direct search limit at the Tevatron.
On the hand, if the first-second-generation universality is assumed, constraints also come from other low energy and
high energy experiments, among which the atomic-parity violation and charged-current universality are the most
important. We have shown that coexistence with other leptoquarks can satisfy these additional constraints and at
the same time do not affect the aµ. Leptoquarks in such a mass range should be produced at the LHC via the strong
interaction.

I would like to thank Otto Kong for useful discussions, Paul Langacker for a correspondence, and special thanks to
Stephan Narison for discussions on hadronic uncertainties and renormalization. This research was supported in part
by the National Center for Theoretical Science under a grant from the National Science Council of Taiwan R.O.C.
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Contact Interactions

• Precision measurements of the electroweak couplings, can be translated into constraints in 
specific models.
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Contact Interactions at HERA
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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 example, for the different LQ states:
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Table 4: Coefficients defining the linear combinations in Eq. (30). CHARM has been adjusted
to be directly comparable to CDHS. The average momentum transfer, Q2 = −q2, is also
shown. In the case of NuTeV it corresponds to the geometric mean between the average
log Q2-values of neutrino and anti-neutrino reactions. In the case of the CCFR [87] and
NuTeV experiments, δ has been absorbed into the ϵ parameters.

Quantity Group(s) δ Q2 [GeV2] aL(u) aL(d) aR(u) aR(d)

g2
L NuTeV 0 12 1 1 0 0

g2
R NuTeV 0 12 0 0 1 1

Rν CCFR 0 35 1.698 1.881 1.070 1.226
Rν CDHS + CHARM 0.023 21 0.936 1.045 0.379 0.453
Rν̄ CDHS + CHARM 0.026 11 0.948 1.134 2.411 2.690
Rν̄ CDHS (1979) 0.024 11 0.944 1.126 2.295 2.563

but elastic ν scattering continues to play a crucial role in form factor measurements (see Section 6.2).
NC ν-e scattering [106] is described by the Lagrangian (24) with f = e, and one usually extracts,

gνe
V = ϵL(e) + ϵR(e) = −

1

2
+ 2 sin2 θW , gνe

A = ϵL(e) − ϵR(e) = −
1

2
. (31)

EW radiative corrections to gνe
V,A have been obtained in Refs. [107,108]. The results are summarized

in Table 5. νe scattering has been studied at LANL [114,115] and ν̄e scattering at the Savannah River
plant [116]. In these cases one has to add the CC Lagrangian so that effectively, ϵL(e) → ϵL(e) + 1,
and, gνe

V,A → gνe
V,A + 1. The basic observables are the cross sections, which in the limit of large incident

ν energies, Eν ≫ me, read,

σ =
G2

F meEν

2π

[

(gνe
V ± gνe

A )2 +
1

3
(gνe

V ∓ gνe
A )2

]

, (32)

where the upper (lower) sign refers to (anti-)neutrinos. Some experiments achieved slight improvements
by also including differential cross section information. The NC-CC interference in νe-e scattering
resolves a sign ambiguity, gνe

V,A → −gνe
V,A, relative to the CC coupling, and is found in agreement with

the SM [114]. A new reactor-based elastic ν̄e-e− scattering experiment has been suggested in Ref. [103],
aiming at an improvement by a factor of four in sin2 θW relative to the results in Table 5.

2.2 Charged Lepton Scattering

The parity (P) or charge-conjugation7 (C) violating NC Lagrangian for charged lepton-hadron scattering
is given by (assuming lepton-universality),

Lνf
NC =

GF√
2

∑

q

[

C1q ℓ̄γ
µγ5ℓq̄γµq + C2q ℓ̄γ

µℓq̄γµγ5q + C3q ℓ̄γ
µγ5ℓq̄γµγ5q

]

, (33)

where the effective couplings at the SM tree level are again obtained from Eqs. (12) and (13),

C1q = −T q
3 + 2Qq sin2 θW , C2u = −C2d = −

1

2
+ 2 sin2 θW , C3u = −C3d =

1

2
. (34)

7We refer here to the conjugation of the lepton charge, and not the fundamental charge-conjugation operation which
would also require replacing the target by anti-matter.
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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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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:
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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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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

ARL
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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
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where the parameters ãj (j = 1, 2) are schematically written as
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⌅
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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,
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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
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Corrections to Cahn-Gilman

• Hadronic effects appear as corrections to the Cahn-Gilman formula
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where Pµ, ⌅µ, and ⌅�
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the outgoing electron respectively. In the lab frame, one has y = (E � E �)/E where E and
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New physics

Sea quarks

Charge symmetry 
violation

Target mass

Higher 
twist

• Hadronic effects must be well understood before any claim for evidence 
of new physics can be made.     

[J.Bjorken,T.Hobbs, W. Melnitchouk; S.Mantry, M.Ramsey-
Musolf, G.Sacco; A.V.Belitsky, A.Mashanov, A. Schafer; 

C.Seng,M.Ramsey-Musolf, ....]
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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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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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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:
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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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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

117

,
• Region of high Q^2:

-allows high precision

-larger asymmetry 
-suppress higher twist effects
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W

in a series of Q2 bins (
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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
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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.
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constants that involve the amplitudes with
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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
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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
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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.
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PV

measure-
ments is the sensitivity to the C
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coupling
constants that involve the amplitudes with
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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)

Br(µ ! e�)

Br(⌧ ! e�)
=

���
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µe

�
⌧e

���
2

(5)

=
���
sin ✓sol cos ✓sol �m2

sol ± sin ✓13ei��m2
atm

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

atm

���
2

(6)

⇤LN � ⇤LFV (7)

ep ! ⌧X (8)

(rare CLFV decays)

(3̄, 3) (9)

p
s ⇠ 90 GeV (10)

L ⇠ 10 fb�1 (11)

    
[Y.Li, W.Marciano]
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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.

    

[M.Alonso-Gonzalez, M.Ramsey-Musolf;
M.Buckley,M.Ramsey-Musolf]

• 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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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
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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:
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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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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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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
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-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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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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• Polarized positron beams can be used to extract the C3q couplings:

Table 4: Coefficients defining the linear combinations in Eq. (30). CHARM has been adjusted
to be directly comparable to CDHS. The average momentum transfer, Q2 = −q2, is also
shown. In the case of NuTeV it corresponds to the geometric mean between the average
log Q2-values of neutrino and anti-neutrino reactions. In the case of the CCFR [87] and
NuTeV experiments, δ has been absorbed into the ϵ parameters.

Quantity Group(s) δ Q2 [GeV2] aL(u) aL(d) aR(u) aR(d)

g2
L NuTeV 0 12 1 1 0 0

g2
R NuTeV 0 12 0 0 1 1

Rν CCFR 0 35 1.698 1.881 1.070 1.226
Rν CDHS + CHARM 0.023 21 0.936 1.045 0.379 0.453
Rν̄ CDHS + CHARM 0.026 11 0.948 1.134 2.411 2.690
Rν̄ CDHS (1979) 0.024 11 0.944 1.126 2.295 2.563

but elastic ν scattering continues to play a crucial role in form factor measurements (see Section 6.2).
NC ν-e scattering [106] is described by the Lagrangian (24) with f = e, and one usually extracts,

gνe
V = ϵL(e) + ϵR(e) = −

1

2
+ 2 sin2 θW , gνe

A = ϵL(e) − ϵR(e) = −
1

2
. (31)

EW radiative corrections to gνe
V,A have been obtained in Refs. [107,108]. The results are summarized

in Table 5. νe scattering has been studied at LANL [114,115] and ν̄e scattering at the Savannah River
plant [116]. In these cases one has to add the CC Lagrangian so that effectively, ϵL(e) → ϵL(e) + 1,
and, gνe

V,A → gνe
V,A + 1. The basic observables are the cross sections, which in the limit of large incident

ν energies, Eν ≫ me, read,

σ =
G2

F meEν

2π

[

(gνe
V ± gνe

A )2 +
1

3
(gνe

V ∓ gνe
A )2

]

, (32)

where the upper (lower) sign refers to (anti-)neutrinos. Some experiments achieved slight improvements
by also including differential cross section information. The NC-CC interference in νe-e scattering
resolves a sign ambiguity, gνe

V,A → −gνe
V,A, relative to the CC coupling, and is found in agreement with

the SM [114]. A new reactor-based elastic ν̄e-e− scattering experiment has been suggested in Ref. [103],
aiming at an improvement by a factor of four in sin2 θW relative to the results in Table 5.

2.2 Charged Lepton Scattering

The parity (P) or charge-conjugation7 (C) violating NC Lagrangian for charged lepton-hadron scattering
is given by (assuming lepton-universality),

Lνf
NC =

GF√
2

∑

q

[

C1q ℓ̄γ
µγ5ℓq̄γµq + C2q ℓ̄γ

µℓq̄γµγ5q + C3q ℓ̄γ
µγ5ℓq̄γµγ5q

]

, (33)

where the effective couplings at the SM tree level are again obtained from Eqs. (12) and (13),

C1q = −T q
3 + 2Qq sin2 θW , C2u = −C2d = −

1

2
+ 2 sin2 θW , C3u = −C3d =

1

2
. (34)

7We refer here to the conjugation of the lepton charge, and not the fundamental charge-conjugation operation which
would also require replacing the target by anti-matter.
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L� L0 = ↵ L0 (T � T0) (11)

�L = ↵ L0 �T (12)

Table 6: Observables sensitive to the P or C violating coefficients Ciq. The errors are the
combined (in quadrature) statistical, systematic and theoretical uncertainties. The first two
lines result from a fit to 11 different kinematic points (a 5% uncertainty in the polarization
was common to all points) and have a −92.7% correlation. Including a 7% theory uncer-
tainty [141] increases the error in the first line to ±0.18 and decreases the correlation to
−86.6%. The two CERN entries are for muon beam energies (polarizations) of 120 GeV
(66%) and 200 GeV (81%), respectively. Assuming 100% correlated systematic errors yields
a correlation of 17.4% between them. The second line (SLAC) contains a 31.6% correction
to account for sea quarks, while the corresponding correction is 7.5% for CERN [141]. The
Mainz result includes a 10% theory error [141].

Beam Process Q2 [GeV2] Combination Result/Status SM

SLAC e−-D DIS 1.39 2C1u − C1d −0.90 ± 0.17 −0.7185
SLAC e−-D DIS 1.39 2C2u − C2d +0.62 ± 0.81 −0.0983
CERN µ±-C DIS 34 0.66(2C2u − C2d) + 2C3u − C3d +1.80 ± 0.83 +1.4351
CERN µ±-C DIS 66 0.81(2C2u − C2d) + 2C3u − C3d +1.53 ± 0.45 +1.4204
Mainz e−-Be QE 0.20 2.68C1u − 0.64C1d + 2.16C2u − 2.00C2d −0.94 ± 0.21 −0.8544
Bates e−-C elastic 0.0225 C1u + C1d 0.138 ± 0.034 +0.1528
Bates e−-D QE 0.1 C2u − C2d 0.015 ± 0.042 −0.0624
JLAB e−-p elastic 0.03 2C1u + C1d approved +0.0357
SLAC e−-D DIS 20 2C1u − C1d to be proposed −0.7185
SLAC e−-D DIS 20 2C2u − C2d to be proposed −0.0983
SLAC e±-D DIS 20 2C3u − C3d to be proposed +1.5000

— 133Cs APV 0 −376C1u − 422C1d −72.69 ± 0.48 −73.16
— 205Tl APV 0 −572C1u − 658C1d −116.6 ± 3.7 −116.8

was the CERN µ±C scattering experiment [131]. In this experiment, the µ-polarization, λ, was reserved
simultaneously with the µ-charge. A linear combination of the C1q and C2q different from those en-
tering DIS was obtained in an experiment at Mainz [132] in the quasi-elastic (QE) kinematic regime.
The asymmetry is a superposition of various distinct contributions and described by nuclear form fac-
tors [133] which were taken from other experiments. Scattering off carbon at even lower energies needs
only two elastic form factors, GT=0

E and GS
E, the isoscalar electromagnetic and strange quark electric

form factors. The dependence on GT=0
E cancels in the asymmetry [134] of the form [135,136],

σR − σL

σR + σL
=

3GFQ2

2
√

2πα

[

(C1u + C1d) +
GS

E

4GT=0
E

]

, (39)

which has been measured in elastic e-C scattering [137] at the MIT-Bates accelerator. Measurements of
PV elastic e-p and QE e-D scattering [138] at the same facility yielded a value for C2u −C2d. However,
there is uncertainty in the SM prediction due to the presence of the proton anapole moment [139,140].

Table 6 summarizes the lepton-hadron scattering experiments described above. We applied correc-
tions for α(Q2) ̸= α. The most precise results from APV (discussed in the next Subsection) are also
shown. Furthermore, the weak charge of the proton,

QW (p) = 2C1u + C1d, (40)

will be measured at the Jefferson Lab [17] in elastic e-p scattering. Ward identities associated with
the weak NC protect QW (p) (defined at Q2 = 0) from incalculable strong interaction effects and

18

• C3q couplings not well known.  A polarized positron beam is essential 
for their extraction.

    
[J. Erler, M. Ramsey-Musolf, Prog. Part. Nucl. Phys. 54, 351, (2005)]
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FIGURE 1. The current experimental knowledge of the effective couplingsC1q (left),C2q (middle) and
C3q (right). The latest world fits for C1q are given by PDG 2008 [4] (f), Ref. [5] (g), and Ref. [6] (h), and
will be tested to a high precision in the near future at Jefferson Lab (JLab) [7]. The latest world fit for
C2q is given by PDG 2008 [4](c). An experiment is being planned at JLab [8] using the present 6 GeV
electron beam to improve our knowledge on 2C2u−C2d by a factor of six. See Ref. [8] for explanations of
other experimental results. The only experimental result forC3q is drawn based on data from CERN using
a 200 GeV muon beam [2, 3]. The Standard Model prediction forC2q andC3q are shown as solid circles.

ACCESS TOC3q USING POLARIZED e−,e+ SCATTERING

Formalism in Ref. [9] are used to derive the C-violating asymmetry in electron vs.
positron DIS. The observable of interest is:

Al
−
L −l

+
R =

dσ
(

l−L +N → l−L +X
)

−dσ
(

l+R +N → l+R +X
)

dσ (l− +N → l−+X)+dσ (l+ +N → l+ +X)
(6)

where l− and l+ are electrons and positrons beams, respectively, and the subscript L,R
denotes the helicity of the beam. The DIS parity-violating asymmetry, which has been
measured at SLAC [10, 11] and will be measured soon at JLab [8], was also derived in
Ref. [9] as the observable:

Al
−
L −l

−
R =

dσ
(

l−L +N → l−L +X
)

−dσ
(

l−R +N → l−R +X
)

dσ
(

l−L +N → l−L +X
)

+dσ
(

l−R +N → l−R +X
) . (7)

By comparing these two asymmetries, and to the PVDIS asymmetries in Ref. [8], it is
found that to a good approximation, theC-violating asymmetry for the proton is:

Ae
−
L−e

+
Rp =

(
3GFQ2

2
√
2πα

)
y(2− y)
2

2C2uuV −C2ddV +2C3uuV −C3ddV
4u+d

, (8)

whereGF is the Fermi constant,Q2 is the four-momentum transfer square, y= ν/E with
E the lepton beam energy and ν the lepton energy transfer to the target, u,d,s the parton
distribution functions, and qV ≡ q− q̄ are the corresponding valence quark distributions
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C3q (right). The latest world fits for C1q are given by PDG 2008 [4] (f), Ref. [5] (g), and Ref. [6] (h), and
will be tested to a high precision in the near future at Jefferson Lab (JLab) [7]. The latest world fit for
C2q is given by PDG 2008 [4](c). An experiment is being planned at JLab [8] using the present 6 GeV
electron beam to improve our knowledge on 2C2u−C2d by a factor of six. See Ref. [8] for explanations of
other experimental results. The only experimental result forC3q is drawn based on data from CERN using
a 200 GeV muon beam [2, 3]. The Standard Model prediction forC2q andC3q are shown as solid circles.
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Formalism in Ref. [9] are used to derive the C-violating asymmetry in electron vs.
positron DIS. The observable of interest is:
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dσ (l− +N → l−+X)+dσ (l+ +N → l+ +X)
(6)

where l− and l+ are electrons and positrons beams, respectively, and the subscript L,R
denotes the helicity of the beam. The DIS parity-violating asymmetry, which has been
measured at SLAC [10, 11] and will be measured soon at JLab [8], was also derived in
Ref. [9] as the observable:
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By comparing these two asymmetries, and to the PVDIS asymmetries in Ref. [8], it is
found that to a good approximation, theC-violating asymmetry for the proton is:

Ae
−
L−e

+
Rp =

(
3GFQ2

2
√
2πα

)
y(2− y)
2

2C2uuV −C2ddV +2C3uuV −C3ddV
4u+d

, (8)

whereGF is the Fermi constant,Q2 is the four-momentum transfer square, y= ν/E with
E the lepton beam energy and ν the lepton energy transfer to the target, u,d,s the parton
distribution functions, and qV ≡ q− q̄ are the corresponding valence quark distributions

with q= u,d. Similarly, theC-violating asymmetry for the deuteron is:

Ae
−
L −e

+
R

d =

(
3GFQ2

2
√
2πα

)
y(2− y)
2

(2C2u−C2d +2C3u−C3d)RV
5

, (9)

where RV ≡ (uV +dV )/(u+d). Note that contributions from s and c quarks have been
neglected in this derivation.
Assuming no significant hadronic effects are present in Ae

−
L −e

+
R

d (this might be a
strong assumption given that some sizable effects have already been discussed during
this Workshop), one can in principle measure the C-violating asymmetry using either a
hydrogen or a deuterium target and extract 2C3u−C3d . However, in order to minimize
the uncertainty from ratio d/u, deuterium targets are preferred. The asymmetry Ae

−
L −e

+
R

d
in fact is very sensitive to C3q since contributions from C2q are rather small. Putting in
GF and ignoring the two C2q terms one has

Ae
−
L−e

+
R

d =
y(2− y)
2

(108 ppm)Q2RV (2C3u−C3d) (10)

Using the kinematic setting in Ref.[12]: E = 11 GeV, Q2 = 3.3 (GeV/c)2, W 2 =

7.3 GeV2, E ′ = 6.0 GeV and the Bjorken scaling variable x = 0.34, one has Ae
−
L−e

+
R

d ≈
169 ppm. This asymmetry can be measured to a 3% statistical precision using a 40-cm
long liquid deuterium target within 30 days if one can be provided a polarized positron
beam interchangeably with the polarized electron beam. The beam current needed will
be 3 ∼ 5 µA with a 80% or better polarization. In addition, the beam quality differ-
ence between the electron and the positron beams, such as current, position, direction
and spot size, need to be controlled to the level of helicity-correlated beam quality dif-
ferences being maintained for parity-violation experiments at JLab presently. This 3%
measurement on Ae

−
L −e

+
R

d will determine 2C3u−C3d to a relative uncertainty of 3%, i.e. a
factor of 10 improvement to the current knowledge on this combination.
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C-Violating Asymmetry using Polarized Electron 
and Positron Beams    

[S.M.Berman, J.R. Primack (1974), X.Zheng Proc. JPOS 2009]

• C-violating asymmetry:

• Proton target:

• Isoscalar deuteron target:

,

• Corrections will arise from other hadronic effects.

• More details in talk by S. Riordan
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Charged Lepton Flavor Violation
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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!
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Lepton Flavor Violation in BSM
• However, many BSM scenarios predict enhanced CLFV rates:

• Enhanced rates for CLFV in BSM scenarios make them experimentally 
accessible.
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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 (˜eR, ˜µR, ˜τR) 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)21˜µ
∗
R˜eR

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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0.13 for mB̃ = 2mℓ̃R
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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

ℓ̃R
, that m2

µ̃∗

R
ẽR

≡ (m2
e)21 = [(m2

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

the bino ˜B 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 ˜B or ˜W 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for ˜eL, ˜µL 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
˜eae ˜LHd + c.c. which implies terms −⟨H0

d⟩(ae)12˜e∗R˜µL − ⟨H0
d⟩(ae)21˜µ∗

R˜eL + 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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� 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 

� Four-fermion operator arises in RPV SUSY and leptoquark 
models 
 
 
 
 
 
 

� Use leptoquarks for an initial analysis of 𝑒 → 𝜏  
� Tree level contribution to 𝑒 → 𝜏  
� Direct comparison with limits from HERA 
� Simpler parameter space than RPV SUSY 
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WHY LEPTOQUARKS? 
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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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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 × 10  2002 

𝜇 + 𝐴𝑢 → 𝑒 + 𝐴𝑢 SINDRUM II Γ /Γ < 7.0 × 10  2006 

𝜇 → 3𝑒 SINDRUM 𝐵𝑟 < 1.0 × 10  1988 

𝜏 → 𝑒𝛾 BaBar 𝐵𝑟 < 3.3 × 10  2010 

𝜏 → 𝜇𝛾 BaBar 𝐵𝑟 < 6.8 × 10  2005 

𝜏 → 3𝑒 BELLE 𝐵𝑟 < 3.6 × 10  2008 

𝜇 + 𝑁 → 𝑒 + 𝑁 Mu2e Γ /Γ < 6.0 × 10  2017? 
𝜇 → 𝑒𝛾 MEG 𝐵𝑟 ≲ 10  2011? 
𝜏 → 𝑒𝛾 Super-B 𝐵𝑟 ≲ 10  > 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.
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CLFV in DIS

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

 
 
 
 
 
 
 

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

32π

[

λ1αλ3β

M2
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]2
{
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dxdy xqα (x, xs) f (y) +
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∑
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}
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(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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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
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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)
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• 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: 𝑇𝑒𝑉  
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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.
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where the leptoquark field strength tensor Vµν is given by
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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
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such a process occurs via tree level partonic interactions. In e−p collisions, F = 0 type lepto-
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leptoquarks couple to quarks in the s-channel and antiquarks in the u-channel (see fig. 1).
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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
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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.
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EIC Sensitivity

� LQ = 𝑺𝟏/𝟐𝑳  (couples to up-type quarks: 𝝀𝒊𝒋   𝑢 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

• ...
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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.
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• The EIC is primarily a QCD machine. But it can also provide for a vibrant program to study 
physics beyond the Standard Model (BSM), complementing efforts at other colliders.

• Such a program physics is faciliated by:
• high luminosity  
• wide kinematic range
• range of nuclear targets
• polarized beams

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
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5  

Conclusions

• Leptoquarks 
• R-parity violating Supersymmetry
• Right-handed W-bosons
• Doubly Charged Higgs bosons
• Excited leptons (compositeness)
• Dark Photons
• Charged Lepton Flavor Violation (CLFV)
• ...

• The EIC can play an important role in searching/constraining various new physics scenarios that 
include:

★ The addition of a polarized positron beam will 
enhance the BSM program at the EIC.  

• More generally,  new physics can be constrained through:

• Precision measurements of the electroweak parameters
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