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The chirality-flipping operators of light fermions are currently poorly constrained by experimental
analyses due to the lack of interference with standard model (SM) amplitudes in traditional observables. In
this work, we propose to investigate the semileptonic scalar and tensor four-fermion operators of electron
and quarks through the transverse double spin asymmetry (DSA) at Electron-Ion Collider, where both the
electron and proton beams could be highly transversely polarized. Due to the chirality-flipping nature of
these operators, we demonstrate that their interference with the SM results in an unsuppressed contribution
to the DSA, and could lead to nontrivial azimuthal cos 2ϕ and sin 2ϕ distributions that are linearly
dependent on their Wilson coefficients. This new method has the potential to significantly improve the
current constraints on these scalar and tensor four-fermion operators without relying on theoretical
assumptions about other types of new physics effects, particularly for the tensor-type operator of the u
quark. Additionally, our findings indicate that both the real and imaginary parts of these operators can be
simultaneously constrained and offer a new opportunity for probing potential CP-violation effects.
However, it is important to note that these results would be sensitive to the quark transversity distributions,
which are currently poorly constrained by the experimental data, but could be significantly improved at the
upcoming Electron-Ion Collider. Therefore, our work opens up a new avenue to utilize this new spin
asymmetry for exploring the new physics effects from the scalar/tensor four-fermion operators.

DOI: 10.1103/PhysRevD.109.095025

I. INTRODUCTION

The absence of signals for new heavy resonances at the
LargeHadronCollider (LHC) strongly suggests that the scale
(Λ) of new physics (NP) is likely to be significantly larger
than the electroweak scale. In light of this, the standardmodel
effective-field theory (SMEFT) has emerged as a powerful
theoretical framework for systematically parametrizing

potential NP effects. This is achieved by introducing a
series of effective interactions involving higher-dimensional
operators, which are constructed from the dynamical
degrees of freedom of the standard model (SM) with the
gauge symmetry SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY. It has been
demonstrated that the operators with odd dimension can
lead to violations of lepton number (L) and/or baryon
number (B) [1]. Therefore, when assuming the conservation
ofB andL, the leading contributions to the observables from
NP are expected to originate from dimension-6 (dim-6)
operators of the form CiOi=Λ2, which have been system-
atically constructed inRefs. [2,3]. The dimensionlessWilson
coefficient Ci describes the interaction strength of the
operator Oi.
There have been intensive theoretical and experimental

efforts in recent years to constrain those subsets of the dim-
6 operators with the measurements of total cross sections
and differential distributions of SM processes at the LHC
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and other facilities; see, e.g., [4–40]. These studies have
yielded valuable insights and have significantly limited the
impact of many NP effects associated with these dim-6
operators. However, there are certain types of dim-6
operators that remain poorly constrained. These include
the chirality-flipping operators, which consist of four-
fermion operators with scalar or tensor structures,
Yukawa-like operators, and dipole operators involving
light fermions. The contributions of these operators to
cross sections through the interference with the SM are
suppressed by the negligible mass of the light fermion at
Oð1=Λ2Þ. Consequently, their leading contributions to
unpolarized observables, as reported in the literature, are
typically at the order of Oð1=Λ4Þ [27,36,41–44]. However,
it is crucial to precisely measure these NP effects in order to
gain a deeper understanding of NP beyond the SM. One
notable example is the recent exciting news from the muon
g − 2 measurement at Fermilab, which has revealed a
significant deviation between experimental data and SM
predictions at a 5σ significance level [45]. This intriguing
discrepancy could potentially be explained by the presence
of dipole operators arising from NP. Similarly, the scalar
and tensor four-fermion operators may be induced by
an additional scalar or gauge boson, making them the
key players in unraveling the nature of the underlying
theory [46]. Therefore, it is imperative to undertake precise
measurements of the Wilson coefficients associated with
these operators using current and future experimental
facilities.
Recently, it has been demonstrated that the electron

dipole operators can be probed through the single trans-
verse-spin asymmetry (SSA) at Oð1=Λ2Þ, without the
suppression of the electron mass [38]. This can be achieved
by studying the interference of the electron dipole operators
and the SM at a future lepton collider with transversely
polarized lepton beams. The prospects for probing these
operators at such a collider are promising, as the resulting
limits on the Wilson coefficients can be improved by 1 to 2
orders of magnitude compared to current measurements at
the LHC and large electron-positron collider [38]. This idea
can also be extended to the forthcoming Electron-Ion
Collider (EIC) and the planned EIC in China (EicC), where
high polarizations of electron and proton beams can be
achieved [44]. These facilities were initially designed to
precisely determine the spin-dependent parton distribution
functions (PDFs) and explore the spin and 3D structure of
the nucleon [47,48]. However, it has been demonstrated
that these facilities also have the potential to probe the
electroweak properties of the SM and search for potential
NP effects [23,44,49–61]. The high polarization of the
beams at the EIC/EicC opens up new avenues for studying
these operators and improving our understanding of the
underlying physics beyond the SM.
In this paper, we extend the analysis of electron and

quark dipole operators in Refs. [38,44] and explore the

possibilities of probing the scalar- and tensor-type four-
fermion operators by considering the transverse double
spin asymmetry (DSA) of the electron and proton beams in
inclusive deeply inelastic scattering (DIS) at the EIC/EicC.
We demonstrate that similar to the dipole operators, the
interference between the scalar-/tensor-type four-fermion
operators and the SM results in nontrivial azimuthal cos 2ϕ
and sin 2ϕ distributions forOledq and only flat distributions

forOð1;3Þ
lequ with aligned (opposite) spin setups of the electron

and proton. These distributions are switched between the
real and imaginary couplings if the spin configurations
become perpendicular. Importantly, all of these distribu-
tions are linearly dependent on the Wilson coefficients
associated with these operators at Oð1=Λ2Þ, without any
suppression from the electron and quark masses.
Furthermore, the results are not significantly affected by
the presence of other NP operators in the DIS process, such
as the vector and axial-vector type four-fermion operators.
The paper is organized as follows. In Sec. II, we calculate

the DSA for the DIS process in the SM, and provide the
numerical estimation at the EIC. We then calculate the DSA
modified by the four-fermion operators in the SMEFT in
Sec. III. We show the enhancement and azimuthal distri-
bution for the DSA with the chirality-flipping operators.
The expected sensitivities of probing the four-fermion
operators through the transverse DSA at EIC and EicC
are given in Sec. IV. Additionally, we discuss the effects of
the quark transversity distributions and the constraints for
such operators from other processes. Our concluding
remarks are presented in Sec. V.

II. TRANSVERSE DOUBLE SPIN
ASYMMETRY IN THE SM

In this section, we calculate the transverse DSA for the
SM inclusive DIS process e−ðkÞ þ pðPÞ → e−ðk0Þ þ X at
the EIC/EicC. The transverse-spin vectors of the electron
and proton can be expressed as

SμT;e ¼ PT;eð0; cosϕ1; sinϕ1; 0Þ;
SμT;p ¼ PT;pð0; cosϕ2; sinϕ2; 0Þ; ð1Þ

where PT;eðPT;pÞ represents the magnitude of the electron’s
(proton’s) transverse polarization, and ϕ1ðϕ2Þ is the angle
between the transverse spin of the incoming lepton (proton)
and the momentum of the outgoing electron in the trans-
verse plane. The transverse DSA is defined as

ATT ¼ σðe↑p↑Þ þ σðe↓p↓Þ − σðe↑p↓Þ − σðe↓p↑Þ
σðe↑p↑Þ þ σðe↓p↓Þ þ σðe↑p↓Þ þ σðe↓p↑Þ ; ð2Þ

where the superscripts ↑ and ↓ indicate the directions
of transverse spin of electron and proton with
PT;e ¼ PT;p ¼ 1.
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In the SM, the transverse DSA can arise from the single-
photon exchange process, given by

ASM;γ
TT ¼ 2y2½ð1 − yÞ cosϕþ − ð1þ yÞ cosϕ−�

Q2

×

P
qmemqQ2

qhqðx; μÞP
qfqðx; μÞ½Q2

qðy2 − 2yþ 2Þ − F eq
Z ðQ2Þ� ; ð3Þ

where ϕþ ≡ ϕ1 þ ϕ2, ϕ− ≡ ϕ1 − ϕ2, and fqðx; μÞ and
hqðx; μÞ, respectively, denote the PDF and transversity
distribution of a quark with flavor q and factorization
scale μ ¼ Q under leading-twist collinear factorization, and
Qq is the corresponding electric charge of quark q. The
kinematic variables in Eq. (3) are defined as

Q2 ¼ −q̃2 ¼ xyS; x ¼ Q2

2P · q̃
; y ¼ P · q̃

P · k
; ð4Þ

where q̃ ¼ k − k0 denotes the momentum transfer of the
electrons and S ¼ ðkþ PÞ2 is the center-of-mass energy
square. The additional correction from γ-Z interference in
the unpolarized cross section has been encoded by the
factor F eq

Z , which cannot be ignored for the kinematic
region of EIC,

F eq
Z ðQ2Þ≡ 2

ϵ̃Q
s2Wc

2
W
Qq½ðy2 − 2yþ 1ÞGeq

− þ Geq
þ �; ð5Þ

where ϵ̃Q is defined as

ϵ̃Q ≡ Q2

Q2 þm2
Z
: ð6Þ

Here, we have defined

Geq
þ ≡ geVg

q
V þ geAg

q
A; Geq

− ≡ geVg
q
V − geAg

q
A ð7Þ

for abbreviation. The vector and axial-vector couplings of
the Z boson to the fermion f in the SM are given by

gfV ¼ Tf
3

2
−Qfs2W; gfA ¼ −

Tf
3

2
; ð8Þ

where sW ≡ sin θW , with θW being the weak mixing angle,
and

ðTf
3 ; QfÞ ¼

�
1

2
;
2

3

�
;

�
−
1

2
;−

1

3

�
;

�
−
1

2
;−1

�
ð9Þ

for up-type, down-type quarks and electron, respectively. It
is important to note that mq ∼ 300 MeV represents the
typical constituent quark mass, which arises from the
nonperturbative effect of the spontaneous breaking of chiral
symmetry [62]. Consequently, the DSA in the SM is

significantly suppressed by both the electron and quark
masses. Additional subleading contribution to the DSA
arises from the interference between Z boson and the
photon, and its effect should be comparable to the con-
tribution from F eq

Z in Eq. (3), given by

ASM;γZ
TT ¼ −4y

s2Wc
2
WðQ2 þm2

ZÞðy2 − 2yþ 2Þ
1P

qQ
2
qfqðx; μÞ

×
X
q

memqQqhqðx; μÞ½cosϕþyð1 − yÞGeq
−

− cosϕ−ð1þ yÞððy − 1ÞGeq
− þ Geq

þ Þ�: ð10Þ

Note that we have ignored the correction from F eq
Z in

unpolarized cross section in Eq. (10) since its contribution
is negligible. The results for the antiquark processes can be
obtained through Eqs. (3) and (10), by taking gqA → −gqA
due to the charge-conjugated transformation of fermion
bilinear currents, or equivalently, Geq

þ ↔ Geq
− .

To estimate the effects of the transverse DSA in the SM,
we utilize the quark transversity distributions from
Refs. [63–65]. These distributions are obtained from global
analyses of the single spin asymmetries (Collins and/or
Sivers) in semi-inclusive hadron production in DIS (SIDIS)
and dihadron productions in semi-inclusive e−eþ annihi-
lation processes. In these analyses, the sea quark trans-
versity distributions were usually assumed to be zero due
to the fact that quark transversity distributions do not mix
with gluons in the evolution [63]. Notably, the potential
impact of the transversity distributions from ū and d̄ has
been recently addressed in Refs. [64,65]. The JAM
Collaboration has incorporated data on Sivers asymmetry
in Drell-Yan and pion production in proton-proton colli-
sions. In addition, they have utilized lattice QCD data on
nucleon tensor charges to minimize the uncertainty in
extracting transversities [65–67]. We found that their latest
extraction utilizing data on single transverse-spin asymme-
tries involving dihadron fragmentation [66,67] yields DSA
results similar to those from [65], indicating a universal
behavior of transversity across different types of observ-
ables and lattice QCD. To ensure consistency with the
global analysis of the transversities, we use the CT14LO
unpolarized PDFs [68] for calculating ASM

TT in accordance
with the transversities from Refs. [63,64]. Meanwhile, we
utilize JAM22-PDF-proton-nlo [69] when using the
transversity from the JAM Collaboration [65].
Figure 1 shows the transverse DSA in the SM

(ASM
TT ¼ ASM;γ

TT þ ASM;γZ
TT ) from the leading twist with

ϕ1 ¼ ϕ2 ¼ π=4 as a function of x by assuming the
momentum transfer Q¼ 15;55 GeV and

ffiffiffi
S

p ¼ 105 GeV
at the EIC. Owing to the suppression of the electron and
quark masses, the ASM

TT is estimated to be on the order of
−ð10−8 ∼ 10−9Þ. The results are sensitive to the quark
transversity distributions, which are poorly constrained by
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the current experimental data. It is important to note that the
contributions associated with higher-twist PDFs cannot be
ignored in this case compared to the predictions of the
leading twist. However, these results are suppressed by
both the electron mass and 1=Q, leading to the conclusion
that the asymmetry in the SM remains negligible.1

III. TRANSVERSE DOUBLE SPIN
ASYMMETRY IN THE SMEFT

Now, we investigate the transverse DSA induced by the
scalar- and tensor-type four-fermion operators from the
SMEFT [3],2

Oledq ¼ ðL̄jeÞðd̄QjÞ;
Oð1Þ

lequ ¼ ðL̄jeÞϵjkðQ̄kuÞ;
Oð3Þ

lequ ¼ ðL̄jσμνeÞϵjkðQ̄kσμνuÞ; ð11Þ

where Lj and Qj denote, respectively, the SUð2ÞL doublets
of lepton and quark fields with j representing the SUð2ÞL
index. The fields e, u, and d are the SUð2ÞL singlets of
charged lepton, up- and down-type quarks. The family
indices of the fermion fields are suppressed. We should
note that each operator Oi is accompanied by a corre-
sponding coefficient Ci=Λ2, which parametrizes the short-
distance ultraviolet (UV) physics.

Since these operators simultaneously flip the helicities of
the electron and quark in the DIS process, the contributions
from the operators in Eq. (11) to the transverse DSA will
not be suppressed by the tiny quark and electron masses.
The leading contributions to the DSA from them arise from
the interference between the single-photon exchange SM
amplitude and the NP,

ΔAγ
TT ¼ Q2=4παP

qfqðx; μÞ½Q2
qðy2 − 2yþ 2Þ − F eq

Z ðQ2Þ�

×
1

Λ2

�X
d

Qdhdðx; μÞðy − y2ÞRe½Cledqe−iϕþ�

þ
X
u

Quhuðx; μÞyRe½Cð1Þ
leque

−iϕ− �

þ
X
u

Quhuðx; μÞ4ðy − 2ÞRe½Cð3Þ
leque

−iϕ− �
�
; ð12Þ

where α is the fine-structure constant. Again, we have
included the correction F eq

Z in Eq. (12) which arises from
the γ-Z interference in the unpolarized cross section.
Additionally, the interference between Z-boson-exchange
SM amplitude and the NP should be considered since its
contribution is comparable to the effects of F eq

Z ,

ΔAZ
TT ¼ −

1

4πα

Q2

y2 − 2yþ 2

ϵ̃Q
s2Wc

2
W

1P
qQ

2
qfqðx; μÞ

×
1

Λ2

�X
d

ðy − y2ÞGed
− hdðx; μÞRe½Cledqe−iϕþ�

þ
X
u

yGeuþ huðx; μÞRe½Cð1Þ
leque

−iϕ− �

þ
X
u

4ðy − 2ÞGeuþ huðx; μÞRe½Cð3Þ
leque

−iϕ− �
�
: ð13Þ

The contributions from the antiquark can be obtained from
Eqs. (12) and (13) by the following replacement:

Cledq → −Cledq; Cð1Þ
lequ → −Cð1Þ

lequ; Geq
þ ↔ Geq

− : ð14Þ
However, their contributions are negligible due to the sup-
pression of the antiquark transversity distributions [64,65].
We also observe that the transverse DSA from the operator
Oledq, which exhibits opposite chiral projections between
lepton and quark bilinears, is sensitive to ϕþ, while the

contributions from Oð1;3Þ
lequ , which possess the same chiral

structures of lepton and quark currents, would be sensitive
to ϕ−. This behavior can be understood from the parity
transformation of the lepton or quark current of operators.

Furthermore, the distinct behaviors of Oð1;3Þ
lequ on variable y

in Eqs. (12) and (13) can be understood from the following
Fierz identity of Dirac spinors [71,72]:

ðū1σμνPRu2Þðū3σμνPRu4Þ
¼ −4ðū1PRu2Þðū3PRu4Þ þ 8ðū1PRu4Þðū3PRu2Þ: ð15Þ

FIG. 1. The transverse DSA ASM
TT in the SM from the leading

twist with ϕ1 ¼ ϕ2 ¼ π=4 as a function of x. The solid lines
depict the results obtained using the transversities from Ref. [63].
The dashed lines correspond to the transversities from Ref. [64],
while the dotted-dashed lines represent the transversities
from Ref. [65].

1The higher-order QCD corrections are expected to be neg-
ligible compared to the leading-order approximation in the SM,
as shown in Ref. [70].

2The contributions from other NP operators will be suppressed
by the mass of the electron and/or quark and can be ignored.
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Therefore, the contribution of Oð1;3Þ
lequ to the transverse DSA

can be equivalently described by two scalar-type operators
according to Eq. (15). The first interaction corresponds to

the operator Oð1Þ
lequ, which is proportional to −4y [see

Eqs. (12) and (13)], while the new scalar interaction will
introduce a new structure 8ðy − 1Þ. Thus, the total con-

tribution from Oð1;3Þ
lequ will result in a large constant con-

tribution compared to Oð1Þ
lequ, causing a sign flip and

significant enhancement in the absolute value of the
DSA, given that jyj ≤ 1.
Given the simple azimuthal dependence from the NP in

Eqs. (12) and (13), it is sufficient to consider two
experimental setups, (i) aligned or opposite spin setup:
ϕ1 ¼ ϕ2 ¼ ϕ or ϕ1 ¼ ϕ2 þ π ¼ ϕ, and (ii) perpendicular
spin setup: ϕ1 ¼ ϕ2 þ π=2 ¼ ϕ. Consequently, the

transverse DSA from the operator Oledq will exhibit a
cos 2ϕ and sin 2ϕ behavior for its real and imaginary parts,
respectively, but only flat distribution survives for the real

part of Oð1;3Þ
lequ for the aligned (opposite) spin setup. The

behaviors for the operatorOledq andO
ð1;3Þ
lequ will be switched

between their real and imaginary parts when considering
the perpendicular spin configuration, i.e., the behavior
will be switched for the real and imaginary parts of
Cledq, while only a flat distribution survives for the

imaginary part of Cð1;3Þ
lequ .

To extract the information about the scalar/tensor four-
fermion operators, we can define the weight-integrated
asymmetry as

Aw
TT ¼ 1

2π

Z
2π

0

dϕwðϕÞATTðϕÞ; ð16Þ

where ωðϕÞ is the weight function to project out the
different parts of these NP effects via the azimuthal
dependence of the ATT . Based on Eqs. (12) and (13), it
is clear that the contributions of Re½Cledq� and Im½Cledq� can
be isolated by the weight function wðϕÞ ¼ cos 2ϕ and
wðϕÞ ¼ sin 2ϕ, respectively, while we can choose wðϕÞ ¼
1 to simultaneously capture the contributions of Re½Cð1Þ

lequ�
and Re½Cð3Þ

lequ� for the aligned (opposite) spin setup. The

imaginary effects of Oð1;3Þ
lequ can be obtained when consid-

ering the perpendicular spin configuration.
In Figs. 2 and 3, we present the integrated asymmetries

arising from the three chirality-flipping four-fermion oper-
ators with the Wilson coefficients Ci ¼ 1 and the NP scale
Λ ¼ 1 TeV for three different transversity distributions in
Refs. [63–65] at the

ffiffiffi
S

p ¼ 105 GeV EIC with aligned spin
setup (ϕ1 ¼ ϕ2 ¼ ϕ). As expected, the transverse DSAs
from these NP operators are significantly enhanced com-
pared to the prediction in the SM, particularly for the

FIG. 2. The integrated asymmetry Aw
TT for operator Oleqd with

ReðImÞ½Cledq�=Λ2 ¼ 1=TeV2 at
ffiffiffi
S

p ¼ 105 GeV EIC. The solid
lines depict the results obtained using the transversities from
Ref. [63]. The dashed lines correspond to the transversities from
Ref. [64], while the dotted-dashed lines represent the trans-
versities from Ref. [65].

FIG. 3. Similar to Fig. 2, but for operators Oð1;3Þ
lequ with a weight function wðϕÞ ¼ 1.
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tensor-type operator Oð1;3Þ
lequ which could generate an asym-

metry on the order of magnitude of Oð10−3Þ ∼Oð1Þ. It
makes this method promising for probing the scalar/tensor
four-fermion operators at the EIC/EicC. Additionally, we
observe that the integrated asymmetries from Oledq and

Oð1Þ
lequ are positive, while a negative asymmetry is generated

by Oð1;3Þ
lequ , and its absolute value is much larger than the

predictions from Oledq and Oð1Þ
lequ and it is much more

sensitive to the Bjorken x. This behavior arises from the
large contribution of the constant factor from the tensor
operator, as we discussed before; see Eqs. (12) and (13).
Moreover, the scalar/tensor four-fermion operators increase
significantly with respect to the transfer energy Q, which is
the result of the OðQ2=Λ2Þ behavior of these operators to
the observables.

IV. SENSITIVITY AT EIC AND EICC

In this section, we estimate the expected sensitivities of
probing the scalar/tensor four-fermion operators through
the transverse DSAs at the EIC/EicC under the aligned
spin (ϕ1 ¼ ϕ2 ¼ ϕ) and perpendicular spin configurations
(ϕ1 ¼ ϕ2 þ π=2 ¼ ϕ). The weight-integrated asymmetry
in Eq. (16) can be translated to the experimental measure-
ments,

Aw
TT ¼ 1

PT;ePT;p

1

N↑↑ þ N↓↓ þ N↑↓ þ N↓↑

×
Z

2π

0

dϕwðϕÞðN↑↑ðϕÞ þ N↓↓ðϕÞ

− N↑↓ðϕÞ − N↓↑ðϕÞÞ; ð17Þ

whereNij denotes the measured event number with specific
transversely polarized configuration of electron and proton.
It has been demonstrated that the maximization of the

integrated luminosity has a more substantial impact on the
sensitivity of probing the SMEFT effects than a slight
increase in collider energy at the EIC [44,60]. As a result,
we will consider

ffiffiffi
S

p ¼ 105 GeV at the EIC as a bench-
mark collider energy for probing the NP effects, since it is
expected to achieve the highest luminosity [47]. In our
analysis, we focus on the following kinematic region:
x∈ ½0.1; 0.8� and Q∈ ½15; 65� GeV, incorporating an
inelasticity cut of 0.01 ≤ y ≤ 0.95 [47]. A similar analysis
will also be done for the EicC with a smaller collider energyffiffiffi
S

p ¼ 16.7 GeV and Q∈ ½6; 11� GeV, applying the same
cuts on x and y variables as for the EIC [48]. We consider
the integrated asymmetry Aω

TT in separate bins in ðQ; xÞ
space, assuming that the statistical errors, given by Eq. (19),
are comparable to the values of Aω

TT and slowly change as
the variable x. Consequently, we can ignore the systematic
uncertainties for the asymmetries [53,73], allowing us to
use the theoretical predictions from Figs. 2 and 3 directly.

We then conduct a χ2 analysis to constrain the Wilson
couplings,

χ2 ¼
X
i

�
Ath
i − Aexp

i

δAi

�
2

; ð18Þ

where Ath
i and Aexp

i represent, respectively, the theoretical
prediction of asymmetry induced by the four-fermion
operators and the experimentally measured value for the
ith ðQ; xÞ bin following Eq. (17). For simplicity, we have
assumed the experimental values are consistent with
the SM predictions, and are negligible. δAi denotes the
corresponding statistical uncertainties of the ith bin. The
statistical uncertainty for Aw

TT is given by

δAw
TT ≃

1=ðPT;ePT;pÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4LσðPT;eðpÞ ¼ 0Þ

q ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
2π
0 dϕw2ðϕÞ

2π

s
; ð19Þ

where L is the integrated luminosity of each dataset with a
specific transversely polarized configuration, assumed to
be the same for each one. We should note that the number
of bins is not fixed for all analyses, as it depends on the
collider energy, transversities, and operators.
In Table I, we present the expected constraining power of

EIC/EicC on the scalar operator Oledq, assuming Λ ¼
1 TeV and PT;e ¼ PT;p ¼ 0.7, with the canonical inte-
grated luminosity, L ¼ 100 fb−1 at 68% confidence level
(CL). The weight function wðϕÞ ¼ cos 2ϕ and sin 2ϕ has
been used to constrain its real and imaginary parts of the

Wilson coefficient. A similar constraint for operatorsOð1;3Þ
lequ

can be obtained by choosing wðϕÞ ¼ 1, and the results are
shown in Fig. 4. It shows that we can constrain their real
and imaginary parts under the aligned and perpendicular
spin configurations, and the parameter space for the real
and imaginary coefficients is exactly the same. We also find
that the ability for EIC to constrain the chirality-flipping
four-fermion operators is much better than EicC due to the
much higher collider energy. The sensitivity to the oper-
ators involving u quark is much better than d quark,
because of the larger electric charge and nonperturbative
quark transversity.

TABLE I. The projected sensitivities of probing operator Oledq
from the DSA measurement at EIC and EicC at 68% CL with the
integrated luminosity L ¼ 100 fb−1, assuming Λ ¼ 1 TeV.

Limits on Re½Cledq�ðIm½Cledq�Þ
Transversity EIC (105 GeV) EicC (16.7 GeV)

Kang et al. [63] 5.16 34.60
Zeng et al. [64] 4.53 13.72
JAM Collaboration [65] 5.12 29.69
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However, it is important to note that these conclusions
depend strongly on the quark transversity distributions,
which are currently poorly constrained but could be
determined with high accuracy in the upcoming EIC/
EicC. As a result, our findings still offer promising
avenues for probing chirality-flipping semileptonic
four-fermion operators, particularly for the operator
involving the u quark. Importantly, the conclusions would
not be sensitive to other potential NP effects in the DIS
process, such as the vector and axial-vector type four-
fermion operators.
We also note that these operators can contribute to the

cross section of Drell-Yan process at the LHC and low-
energy experiments at Oð1=Λ4Þ with a specific flavor
assumption [27]. It was found that Ci ∼Oð0.01Þ from
Drell-Yan data when one operator is considered at a
time [27]. The limits from low-energy measurements, such
as nuclear beta decays, the ratio between Γðπþ → eþνÞ and
Γðπþ → μþνÞ, and radiative pion decays, are comparable to
the LHC measurement. However, the cross section alone is
challenging to disentangle the scalar and tensor operators
from other NP effects, especially the dim-8 operators,
which will also contribute to the cross section at
Oð1=Λ4Þ, and could complicate the analysis and weaken
the conclusions [22]. Additionally, it also lacks the sensi-
tivity to distinguish the real and imaginary parts of these
operators through the traditional methods, making the
DSAs at the transversely polarized EIC/EicC a unique
opportunity to probe these NP effects, which is comple-
mentary and competitive with respect to other methods in
the literature.

V. CONCLUSION

In this paper, we propose using the transverse double
spin asymmetry observables to investigate the semileptonic
scalar-/tensor-type four-fermion operators involving elec-
trons and light quarks at the future Electron-Ion Collider
with transversely polarized electron and proton beams. Due
to the double-fermion helicity flip associated with these
operators, we demonstrated that the interference of these
NP effects with the SM will generate sizable DSAs and
could produce distinct cos 2ϕ and sin 2ϕ distributions.
Notably, this occurs without the suppression of the electron
and light quark masses at Oð1=Λ2Þ and without the
contamination from the SM and other potential NP effects.
Consequently, the anticipated limits for these operators
using this method are expected to be stronger or compa-
rable to those obtained through other approaches in Drell-
Yan processes at the LHC, which can only occur at
Oð1=Λ4Þ in the massless limit of fermions. This is
particularly true for the tensor-type four-fermion operator
of u quark. Importantly, our approach provides the oppor-
tunity to simultaneously constrain the real and imaginary
parts of those couplings, enabling direct study of potential
CP-violating effects arising from these operators.
Additionally, we found that these results are strongly
dependent on the transversity distribution of quarks, which
is currently poorly constrained by experimental data.
However, the knowledge of these nonperturbative functions
is expected to be significantly improved in the upcoming
Electron-Ion Collider. Thus, our approach is expected to
play a crucial role in probing these NP effects in the future.

FIG. 4. The expected limits on the Wilson coefficients Re½Cð1Þ
lequ� (Im½Cð1Þ

lequ�) and Re½Cð3Þ
lequ� (Im½Cð3Þ

lequ�) from the DSA measurements at
the EIC (left) and EicC (right) at 68% CL with the parallel (perpendicular) spin configuration of electron and proton, assuming
L ¼ 100 fb−1 and Λ ¼ 1 TeV. The solid, dashed, and dotted-dashed contours represent the limits obtained with the transversities in
Refs. [63–65] respectively.

PROBING THE FOUR-FERMION OPERATORS VIA THE … PHYS. REV. D 109, 095025 (2024)

095025-7



ACKNOWLEDGMENTS

H.-L. Wang and H. Xing are supported by the
Guangdong Major Project of Basic and Applied Basic
Research Grants No. 2020B0301030008 and
No. 2022A1515010683, and by the National Natural
Science Foundation of China under Grants
No. 12247151, No. 12022512, and No. 12035007.
X.-K.W. is supported in part by the National Science

Foundation of China under Grants No. 11725520,
No. 11675002, and No. 12235001. B. Y. is supported by
the IHEP under Contract No. E25153U1. The authors
thank Z. B. Kang and Y. Y. Zhou for sharing the trans-
versity distributions in Ref. [63] and H. X. Dong and P. Sun
for sharing the transversely polarized PDFs in Ref. [64]. We
thank D. Pitonyak for bringing the most updated global
analysis of transversity PDF to our attention [65–67].

[1] A. Kobach, Phys. Lett. B 758, 455 (2016).
[2] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621

(1986).
[3] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,

J. High Energy Phys. 10 (2010) 085.
[4] C. Englert, A. Freitas, M. M. Mühlleitner, T. Plehn, M.

Rauch, M. Spira, and K. Walz, J. Phys. G 41, 113001
(2014).

[5] A. Falkowski, Pramana 87, 39 (2016).
[6] T. Corbett, O. J. P. Eboli, D. Goncalves, J. Gonzalez-Fraile,

T. Plehn, and M. Rauch, J. High Energy Phys. 08
(2015) 156.

[7] Q.-H. Cao, B. Yan, J.-H. Yu, and C. Zhang, Chin. Phys. C
41, 063101 (2017).

[8] Q.-H. Cao and B. Yan, Phys. Rev. D 92, 094018 (2015).
[9] Q.-H. Cao, B. Yan, D.-M. Zhang, and H. Zhang, Phys. Lett.

B 752, 285 (2016).
[10] Q.-H. Cao, G. Li, B. Yan, D.-M. Zhang, and H. Zhang,

Phys. Rev. D 96, 095031 (2017).
[11] V. Cirigliano, W. Dekens, J. de Vries, and E. Mereghetti,

Phys. Rev. D 94, 034031 (2016).
[12] S. Alioli, W. Dekens, M. Girard, and E. Mereghetti, J. High

Energy Phys. 08 (2018) 205.
[13] G. Durieux, M. Perelló, M. Vos, and C. Zhang, J. High

Energy Phys. 10 (2018) 168.
[14] C. Degrande, F. Maltoni, K. Mimasu, E. Vryonidou, and C.

Zhang, J. High Energy Phys. 10 (2018) 005.
[15] E. Vryonidou and C. Zhang, J. High Energy Phys. 08

(2018) 036.
[16] G. Durieux, J. Gu, E. Vryonidou, and C. Zhang, Chin. Phys.

C 42, 123107 (2018).
[17] Q.-H. Cao, L.-X. Xu, B. Yan, and S.-H. Zhu, Phys. Lett. B

789, 233 (2019).
[18] J. De Blas, G. Durieux, C. Grojean, J. Gu, and A. Paul,

J. High Energy Phys. 12 (2019) 117.
[19] I. Brivio, S. Bruggisser, F. Maltoni, R. Moutafis, T. Plehn, E.

Vryonidou, S. Westhoff, and C. Zhang, J. High Energy
Phys. 02 (2020) 131.

[20] N. P. Hartland, F. Maltoni, E. R. Nocera, J. Rojo, E. Slade,
E. Vryonidou, and C. Zhang, J. High Energy Phys. 04
(2019) 100.

[21] Y. Du, H.-L. Li, J. Tang, S. Vihonen, and J.-H. Yu, J. High
Energy Phys. 03 (2021) 019.

[22] S. Alioli, R. Boughezal, E. Mereghetti, and F. Petriello,
Phys. Lett. B 809, 135703 (2020).

[23] V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti, and B. Yan,
J. High Energy Phys. 03 (2021) 256.

[24] J. J. Ethier, G. Magni, F. Maltoni, L. Mantani, E. R. Nocera,
J. Rojo, E. Slade, E. Vryonidou, and C. Zhang (SMEFiT
Collaboration), J. High Energy Phys. 11 (2021) 089.

[25] V. Miralles, M. M. López, M. M. Llácer, A. Peñuelas, M.
Perelló, and M. Vos, J. High Energy Phys. 02 (2022) 032.

[26] B. Yan, Phys. Lett. B 822, 136709 (2021).
[27] R. Boughezal, E. Mereghetti, and F. Petriello, Phys. Rev. D

104, 095022 (2021).
[28] V. Cirigliano, W. Dekens, J. de Vries, K. Fuyuto, E.

Mereghetti, and R. Ruiz, J. High Energy Phys. 08
(2021) 103.

[29] Q.-H. Cao, H.-r. Jiang, and G. Zeng, Chin. Phys. C 45,
093110 (2021).

[30] Y. Du, H.-L. Li, J. Tang, S. Vihonen, and J.-H. Yu, Phys.
Rev. D 105, 075022 (2022).

[31] Y. Liao, X.-D. Ma, and H.-L. Wang, Chin. Phys. C 45,
073102 (2021).

[32] Y. Liu, Y. Wang, C. Zhang, L. Zhang, and J. Gu, Chin. Phys.
C 46, 113105 (2022).

[33] J. de Blas, Y. Du, C. Grojean, J. Gu, V. Miralles, M. E.
Peskin, J. Tian, M. Vos, and E. Vryonidou, arXiv:2206
.08326.

[34] S. Dawson and P. P. Giardino, Phys. Rev. D 105, 073006
(2022).

[35] A. Greljo, A. Palavrić, and A. E. Thomsen, J. High Energy
Phys. 10 (2022) 010.

[36] C. Grunwald, G. Hiller, K. Kröninger, and L. Nollen,
J. High Energy Phys. 11 (2023) 110.

[37] Q.-H. Cao, Y. Liu, and S.-R. Yuan, arXiv:2309.14079.
[38] X.-K. Wen, B. Yan, Z. Yu, and C. P. Yuan, Phys. Rev. Lett.

131, 241801 (2023).
[39] D. Y. Shao, B. Yan, S.-R. Yuan, and C. Zhang, arXiv:

2310.14153.
[40] S. Chai, J. Gu, and L. Li, arXiv:2401.02474.
[41] R. Escribano and E. Masso, Nucl. Phys. B429, 19 (1994).
[42] E. da Silva Almeida, N. Rosa-Agostinho, O. J. P. Éboli, and

M. C. Gonzalez-Garcia, Phys. Rev. D 100, 013003 (2019).
[43] Q.-H. Cao, H.-R. Jiang, B. Li, Y. Liu, and G. Zeng, Chin.

Phys. C 45, 093108 (2021).

WANG, WEN, XING, and YAN PHYS. REV. D 109, 095025 (2024)

095025-8

https://doi.org/10.1016/j.physletb.2016.05.050
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1088/0954-3899/41/11/113001
https://doi.org/10.1088/0954-3899/41/11/113001
https://doi.org/10.1007/s12043-016-1251-5
https://doi.org/10.1007/JHEP08(2015)156
https://doi.org/10.1007/JHEP08(2015)156
https://doi.org/10.1088/1674-1137/41/6/063101
https://doi.org/10.1088/1674-1137/41/6/063101
https://doi.org/10.1103/PhysRevD.92.094018
https://doi.org/10.1016/j.physletb.2015.11.045
https://doi.org/10.1016/j.physletb.2015.11.045
https://doi.org/10.1103/PhysRevD.96.095031
https://doi.org/10.1103/PhysRevD.94.034031
https://doi.org/10.1007/JHEP08(2018)205
https://doi.org/10.1007/JHEP08(2018)205
https://doi.org/10.1007/JHEP10(2018)168
https://doi.org/10.1007/JHEP10(2018)168
https://doi.org/10.1007/JHEP10(2018)005
https://doi.org/10.1007/JHEP08(2018)036
https://doi.org/10.1007/JHEP08(2018)036
https://doi.org/10.1088/1674-1137/42/12/123107
https://doi.org/10.1088/1674-1137/42/12/123107
https://doi.org/10.1016/j.physletb.2018.12.040
https://doi.org/10.1016/j.physletb.2018.12.040
https://doi.org/10.1007/JHEP12(2019)117
https://doi.org/10.1007/JHEP02(2020)131
https://doi.org/10.1007/JHEP02(2020)131
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP03(2021)019
https://doi.org/10.1007/JHEP03(2021)019
https://doi.org/10.1016/j.physletb.2020.135703
https://doi.org/10.1007/JHEP03(2021)256
https://doi.org/10.1007/JHEP11(2021)089
https://doi.org/10.1007/JHEP02(2022)032
https://doi.org/10.1016/j.physletb.2021.136709
https://doi.org/10.1103/PhysRevD.104.095022
https://doi.org/10.1103/PhysRevD.104.095022
https://doi.org/10.1007/JHEP08(2021)103
https://doi.org/10.1007/JHEP08(2021)103
https://doi.org/10.1088/1674-1137/ac0e8b
https://doi.org/10.1088/1674-1137/ac0e8b
https://doi.org/10.1103/PhysRevD.105.075022
https://doi.org/10.1103/PhysRevD.105.075022
https://doi.org/10.1088/1674-1137/abf72e
https://doi.org/10.1088/1674-1137/abf72e
https://doi.org/10.1088/1674-1137/ac82e1
https://doi.org/10.1088/1674-1137/ac82e1
https://arXiv.org/abs/2206.08326
https://arXiv.org/abs/2206.08326
https://doi.org/10.1103/PhysRevD.105.073006
https://doi.org/10.1103/PhysRevD.105.073006
https://doi.org/10.1007/JHEP10(2022)005
https://doi.org/10.1007/JHEP10(2022)005
https://doi.org/10.1007/JHEP11(2023)110
https://arXiv.org/abs/2309.14079
https://doi.org/10.1103/PhysRevLett.131.241801
https://doi.org/10.1103/PhysRevLett.131.241801
https://arXiv.org/abs/2310.14153
https://arXiv.org/abs/2310.14153
https://arXiv.org/abs/2401.02474
https://doi.org/10.1016/S0550-3213(94)80039-1
https://doi.org/10.1103/PhysRevD.100.013003
https://doi.org/10.1088/1674-1137/ac0e88
https://doi.org/10.1088/1674-1137/ac0e88


[44] R. Boughezal, D. de Florian, F. Petriello, and W. Vogelsang,
Phys. Rev. D 107, 075028 (2023).

[45] D. P. Aguillard et al. (Muon g-2 Collaboration), Phys. Rev.
Lett. 131, 161802 (2023).

[46] X.-X. Li, Z. Ren, and J.-H. Yu, arXiv:2307.10380.
[47] R. Abdul Khalek et al., Nucl. Phys. A1026, 122447 (2022).
[48] D. P. Anderle et al., Front. Phys. (Beijing) 16, 64701 (2021).
[49] R. Abdul Khalek et al., arXiv:2203.13199.
[50] R. Boughezal, F. Petriello, and D. Wiegand, Phys. Rev. D

101, 116002 (2020).
[51] H. T. Li, B. Yan, and C. P. Yuan, Phys. Lett. B 833, 137300

(2022).
[52] B. Yan, Z. Yu, and C. P. Yuan, Phys. Lett. B 822, 136697

(2021).
[53] B. Yan, Phys. Lett. B 833, 137384 (2022).
[54] H. Davoudiasl, R. Marcarelli, and E. T. Neil, J. High Energy

Phys. 02 (2023) 071.
[55] Y. Liu and B. Yan, Chin. Phys. C 47, 043113 (2023).
[56] B. Batell, T. Ghosh, T. Han, and K. Xie, J. High Energy

Phys. 03 (2023) 020.
[57] H. Davoudiasl, R. Marcarelli, and E. T. Neil, Phys. Rev. D

108, 075017 (2023).
[58] J. L. Zhang et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 1053, 168276 (2023).
[59] M. Gonderinger and M. J. Ramsey-Musolf, J. High Energy

Phys. 11 (2010) 045; 05 (2012) 47.
[60] R. Boughezal, A. Emmert, T. Kutz, S. Mantry, M. Nycz, F.

Petriello, K. Şimşek, D. Wiegand, and X. Zheng, Phys. Rev.
D 106, 016006 (2022).

[61] R. Balkin, O. Hen, W. Li, H. Liu, T. Ma, Y. Soreq, and M.
Williams, J. High Energy Phys. 02 (2024) 123.

[62] A. Afanasev, M. Strikman, and C. Weiss, Phys. Rev. D 77,
014028 (2008).

[63] Z.-B. Kang, A. Prokudin, P. Sun, and F. Yuan, Phys. Rev. D
93, 014009 (2016).

[64] C. Zeng, H. Dong, T. Liu, P. Sun, and Y. Zhao, Phys. Rev. D
109, 056002 (2024).

[65] L. Gamberg, M. Malda, J. A. Miller, D. Pitonyak, A.
Prokudin, and N. Sato [Jefferson Lab Angular Momentum
(JAM) Collaboration], Phys. Rev. D 106, 034014 (2022).

[66] C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato,
and R. Seidl [Jefferson Lab Angular Momentum (JAM)
Collaboration], Phys. Rev. Lett. 132, 091901 (2024).

[67] C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato,
and R. Seidl [Jefferson Lab Angular Momentum (JAM)
Collaboration], Phys. Rev. D 109, 034024 (2024).

[68] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P.
Nadolsky, J. Pumplin, C. Schmidt, D. Stump, and C. P.
Yuan, Phys. Rev. D 93, 033006 (2016).

[69] C. Cocuzza, W. Melnitchouk, A. Metz, and N. Sato
[Jefferson Lab Angular Momentum (JAM) Collaboration],
Phys. Rev. D 106, L031502 (2022).

[70] D. de Florian, Phys. Rev. D 96, 094006 (2017).
[71] J. F. Nieves and P. B. Pal, Am. J. Phys. 72, 1100

(2004).
[72] Y. Liao and J.-Y. Liu, Eur. Phys. J. Plus 127, 121 (2012).
[73] S. Chekanov et al. (ZEUS Collaboration), Eur. Phys. J. C

62, 625 (2009).

PROBING THE FOUR-FERMION OPERATORS VIA THE … PHYS. REV. D 109, 095025 (2024)

095025-9

https://doi.org/10.1103/PhysRevD.107.075028
https://doi.org/10.1103/PhysRevLett.131.161802
https://doi.org/10.1103/PhysRevLett.131.161802
https://arXiv.org/abs/2307.10380
https://doi.org/10.1016/j.nuclphysa.2022.122447
https://doi.org/10.1007/s11467-021-1062-0
https://arXiv.org/abs/2203.13199
https://doi.org/10.1103/PhysRevD.101.116002
https://doi.org/10.1103/PhysRevD.101.116002
https://doi.org/10.1016/j.physletb.2022.137300
https://doi.org/10.1016/j.physletb.2022.137300
https://doi.org/10.1016/j.physletb.2021.136697
https://doi.org/10.1016/j.physletb.2021.136697
https://doi.org/10.1016/j.physletb.2022.137384
https://doi.org/10.1007/JHEP02(2023)071
https://doi.org/10.1007/JHEP02(2023)071
https://doi.org/10.1088/1674-1137/acbbc0
https://doi.org/10.1007/JHEP03(2023)020
https://doi.org/10.1007/JHEP03(2023)020
https://doi.org/10.1103/PhysRevD.108.075017
https://doi.org/10.1103/PhysRevD.108.075017
https://doi.org/10.1016/j.nima.2023.168276
https://doi.org/10.1016/j.nima.2023.168276
https://doi.org/10.1007/JHEP11(2010)045
https://doi.org/10.1007/JHEP11(2010)045
https://doi.org/10.1007/JHEP05(2012)047
https://doi.org/10.1103/PhysRevD.106.016006
https://doi.org/10.1103/PhysRevD.106.016006
https://doi.org/10.1007/JHEP02(2024)123
https://doi.org/10.1103/PhysRevD.77.014028
https://doi.org/10.1103/PhysRevD.77.014028
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevD.109.056002
https://doi.org/10.1103/PhysRevD.109.056002
https://doi.org/10.1103/PhysRevD.106.034014
https://doi.org/10.1103/PhysRevLett.132.091901
https://doi.org/10.1103/PhysRevD.109.034024
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.106.L031502
https://doi.org/10.1103/PhysRevD.96.094006
https://doi.org/10.1119/1.1757445
https://doi.org/10.1119/1.1757445
https://doi.org/10.1140/epjp/i2012-12121-0
https://doi.org/10.1140/epjc/s10052-009-1055-6
https://doi.org/10.1140/epjc/s10052-009-1055-6

