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ABSTRACT

We propose to probe the Zbb interactions at the Electron-lon Collider (EIC) by utilizing the average
jet charge weighted single-spin asymmetry AEQ, which is induced by different cross sections of a left-
handed and right-handed electron beam scattering off an unpolarized proton beam in the neutral current
deeply-inelastic scattering processes with one observed b-tagged jet. This novel observable at the EIC
is sensitive to the axial-vector component of the Zbb coupling, providing similar information as the
gg — Zh cross section measurement at the high-luminosity Large Hadron Collider, and is complementary
to the single-spin asymmetry measurement at the EIC which is sensitive to the vector component of the
Zbb coupling. We show that the apparent degeneracy of the allowed Zbb coupling in its vector and
axial-vector components, implied by the Large Electron-Positron Collider (LEP) and the Stanford Linear
Collider (SLC) precision electroweak data, can be broken by the AEQ measurement at the EIC. With a
large enough integrated luminosity collected at the EIC, the measurement of ASQ could also resolve the
long-standing discrepancy between bottom quark forward-backward asymmetry A?-‘B at the LEP and the

Standard Model prediction, with a strong dependence on the b-tagging efficiency.
© 2022 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The electroweak precision measurements at the Large Electron-
Positron collider (LEP) and the Stanford Linear Collider (SLC) play a
crucial role to test the Standard Model (SM) and beyond. An inter-
esting observation at the LEP is that the bottom quark forward-
backward asymmetry (A{_EB], i.e, an asymmetry in the produc-
tion cross sections of bottom quark traveling along or against the
electron beam direction, at the Z-pole exhibits a long-standing
discrepancy with the SM prediction, with a significance around
2.1o [1]. Such a startling deviation has been received much at-
tention in the high energy physics community, and consequently,
many new physics (NP) models have been proposed in the lit-
erature to explain the LEP data [2-5]. A well known example is
that the model with an underlying approximate custodial symme-
try, which introduces a sizable right-handed Zbb coupling, while
keeping the left-hand Zbb coupling about the same as the SM pre-
diction [3]. Such theory can not only explain the anomaly of AEE,
but also satisfy the limits from the R, and A, measurements at
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the Z-pole. Here, the Ry is defined as the branching fraction of
Z — bb to the inclusive hadronic decay of the Z boson at LEP and
Ap is the left-right forward-backward asymmetry of b production
at the SLC. _

However, the Zbb couplings can not be fully determined by the
global analysis of the LEP and SLC data. It has been shown that
there are two possible solutions in the parameter space of Zbb
vector and axial-vector couplings, after combining the Ap, Rp and
AEB measurements at the Z-pole and off Z-pole [2]. Breaking the
above-mentioned degeneracy and further pinning down the cou-
pling strength as well as confirming or excluding the anomaly of
AEB measurement at the LEP is one of the major tasks of the
particle physics at the current and future colliders. Recently, we
demonstrated that the axial-vector component of Zbb coupling can
be determined by the precision measurement of gg — Zh produc-
tion at the Large Hadron Collider (LHC) and the high-luminosity
LHC (HL-LHC) [6], while its vector component can be better con-
strained by the measurement of single-spin asymmetry (S5A) in
the polarized lepton-hadron collisions, such as at HERA and the
upcoming Electron-lon Collider (EIC) [7].

It was concluded in [7] that the SSA at the EIC is only sen-
sitive to the vector component of the Zbb coupling. To probe its
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axial-vector component at the EIC calls for a novel idea, that is
to measure the average jet charge weighted single-spin asymme-
try (WSSA) of the polarized electron-proton cross section in neu-
tral current deeply-inelastic scattering (DIS) processes with one

b-tagged jet in the final state. The WSSA, A2? is defined as
Q Q
avQ = Tt 7% 1
e (1)
Ohy +0ph

where 0‘;1 . is the average jet charge weighted total inclusive b-

tagged DIS cross section of a right-handed (4) or left-handed (—)
electron beam scattering off an unpolarized proton (p) beam, i.e.,

Ub:k_fdpl'

Here, {Qj}b{pfr) is the average jet charge of a b-tagged jet with

Qj}b(pr) (2)

transverse momentum pfr, and can be written as

uep= >
g=u.d,c.s.b

[riwd.ed) - rfd.eb]@hwh. @)

Here, {qu} is the average jet charge of the g-type jet, and fq
represents the fraction of the g-type jets which have been [mls—
)tagged as the b-tagged jets in the final state. f7 ] depends on the

tagged jet py and €} which is the efficiency of (mis-)tagging a g-
jet as a b-jet. The minus sign in Eq. (3) is because of the opposite
electric charge of quark and its anti-quark. It has been demon-
strated that the jet charge can be used to separate the quark jets
from anti-quark jets and to tag the flavor of the quark jets [8-13],
and has been measured by both the ATLAS and CMS Collabora-
tions [14,15]. In this work, we propose to measure the b-tagged jet
charge to probe the Zbb coupling at the polarized electron-hadron
colliders. _

A detailed analysis on how the anomalous Zbb coupling could
affect the value of SSA has been presented in Ref. [7]. It showed
that the SSA (by setting {Q ), =1 in Eq. (2)) depends linearly on
the vector component of the Zbb coupling through the y —Z inter-
ference diagram, while the term linearly proportional to the axial-
vector component is associated with the F3 structure function,
which involves the convolution of the difference between quark
and anti-quark parton distribution functions (PDFs), ( fq — f3). Since
bottom (q = b) PDF is generated perturbatively through DGLAP
evolution [16,17], ( fp — f;) must be zero at the leading-order (LO)
and next-to-leading order (NLO), though it can be non-vanishing
at the NNLO [7]. That explains why the SSA is only sensitive to the
vector component of the Zbb coupling. In contrast, the WSSA is
expected to be sensitive to its axial-vector component. This is due
to the insertion of the average jet charge (Q ), which depends on
the difference between quark and anti-quark cross sections, in the
weighted cross section 0';‘1 - cf. Eq. (2). Below, we detail our anal-
ysis to demonstrate that the measurement of WSSA can be used
to constrain the axial-vector Zbb coupling at the EIC, and provide
complementary information to the measurements of the gg — Zh
production cross section at the HL-LHC and the SSA at the EIC.

2. The jet charge

The jet charge is defined as the transverse momentum-weighted
sum of the charges of the jet constituents [18],

Q= > Qiph)*, k>0, (4)

1
iy K
(PJT) icjet
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Fig. 1. The average jet charge distributions (Q]) for various quark-type jets as a

function of jet pj, with x = 0.3. Here, the jet size R =1 and the factorization scale
_pd

n=prR.

where p‘} and Q; are the transverse momentum and electric
charge of particle i, respectively. Based on the soft-collinear effec-
tive theory [19-22], the average of the jet charge of a quark (q) jet
is found to be [8,9]

Jn‘.]'l](p]", R., K nu') i
Jq(p'['s R., ,U.)

n
dp' as(p') -
xexp[“f? —Jaaz() | (5)
0

where R and g are jet size and factorization scale, respectively.
jq{pr, R, i) is a jet function and jqq(pr, R,k p) is the (k + 1)-th
Mellin moment of the Wilson coefficient for matching the quark
fragmenting jet function onto a quark fragmentation function. The
NLO calculation of Jq and Jqq can be found in Refs. [9,23,24].
fq_,qg(x) is the (x + 1)-th Mellin moment of the splitting func-
tion f;_.qg(z). The initial scale of the evolution of fragmentation
function is set to g =1 GeV for light jets and pg =mg for heavy
flavor jets. Here, mq is taken to be the pole mass of the heavy
flavor quark. The only non-perturbative parameter 5?‘ (x) depends
on the parameter x and the flavor of jet, which can be written as
5;1 (k)=>"4 Qn fol dxx® Dg (x, io). In this work, they are obtained
from PYTHIA simulations [25]. Note that the non-perturbative pa-
rameter in Eq. (5) is independent of the jet p} and jet size R.

The average jet charge distribution of various quark jets is de-
picted in Fig. 1, as a function of jet p{r with x =0.3, R=1 and

Q)= D ()

the factorization scale set to be u = p{rR. It shows that the sign of
the jet charge is consistent with the sign of the electric charge of
the parent parton. Furthermore, {Qj""} is not very sensitive to p{r,
and approaches to a constant value as pfr increases. For the heavy
flavor jet, because the initial scale g is larger and the fragmen-
tation function D" (z, o) has a much larger value in the large z
region [26], the average jet charge for charm (c) or bottom (b) jet
is larger than the ones for light flavor jets.

3. DIS cross section

Next, we consider the impact of the non-standard _th_J cou-
plings to the WSSA A2? in Eq. (1) at the EIC. The Zbb effective
Lagrangian can be parametrized as

Lo = i—‘:ﬁmxvgﬂ —Kkaglys)bZ,, 6)

where g is the electroweak gauge coupling and cy is the cosine
of the weak mixing angle 6y . The couplings gf, =-1/2+ 2,:’35%1',
and gﬂ = —1/2 with sy =sinfy are the vector and axial-vector

67

69
70
[l

73
74
75
76

78

BIRETREBREEG

89

91
92
93
94
95

97
08

100
101
102
103
104
105
106
107
108
109
110
m
12
13
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132



O |~ @ ;AW N =

[ s I+ s - T I = R &y N4y IO N (T T I B & & O = =T = T = T R N 7 R = o o T T = T o T L T o B B B I
Mmoo W =0 D oSN ®OE N = O DO ®0mE LN = O DO =00 E LN =S O D OSN30 RN =D DO OO EWN = O

Doctopic: Phenomenology
JID:PLB  AID:137300 /SCO

H.T. Li, B. Yan and C-P. Yuan

components of the Zbb coupling in the SM, respectively. We in-
troduce the parameters kv 4 to include the possible NP effects for
the Zbb interactions, and ky 4 =1 in the SM.

To probe the Zbb coupling using the WSSA measurement,
a final state b-jet needed to be tagged in the DIS production.
As shown in Eq. (3), the average jet charge of a b-tagged jet,
{Qj}b(p{r), depends on the efficiency (ef]’] of (mis-)tagging a g-jet
as a b-jet. In this study, we adopt two sets of benchmark tagging
efficiencies [7] as

(i) €2 =0.001, =0.03,
(i) €f = 0.01, el =02,

& =07,
e =o0s5, (7)

where q = u,d, s denotes the light quarks. The scenario (i) rep-
resents a good b-tagging efficiency, and (ii) a worse one. After
combining all possible quark flavor contributions, the b-tagged dif-
ferential distribution can be approximated at the LO as

do.tot
b+ Z .
—_—= —e_ + —e. +
q [
dp}  Cras dpT dpy dp}

We will follow Ref. [10] and approximate the NLO inclusive
jet cross section in the lepton-hadron collision as the prod-
uct of the differential cross section of the production process
daq(Pg,,uR,,up]jdpfr evaluated at the LO and the jet function
(Jq) at the NLO. This approximation holds in the narrow-jet ap-
proximation when the needed matching coefficient is also cal-
culated at the NLO, as explicitly shown in Ref. [10]. In our nu-
merical calculation, we have set the energy of the electron (E.)
and proton (Ep) beams to be 18 GeV and 275 GeV, respectively.
Both the renormalization and factorization scales are fixed at
R = pr =/ Q2 + (p})?2, where Q =+/—q? with g# being the
momentum transfer of the electrons. We have also required the fi-
nal state jet (with jet size R = 1) pass the following kinematical
cuts: p{r >5 GeV and —2 < nj <4, where 7; is the rapidity of
jet measured in the lab frame. To calculate the heavy flavor con-
tributions, such as the charm and bottom quarks, we adopt the
sACOT-x scheme [27-31]. At the LO, this amounts to setting its
mass (m) to be zero in calculating the scattering amplitude, while
replacing the momentum fraction (Bjorken x) carried by the heavy
parton by x = x(1 4 4m?/Q?) [31]. Here, we use mc = 1.3 GeV
and my, = 4.75 GeV, to be consistent with the CT14LO parton dis-
tribution functions (PDFs) [32] adopted in this work. The strong
coupling constant is taken to be as(Mz) =0.118 at the Z boson
mass scale.

Below, we give a detailed analysis of the dependence of AEQ
on the ky and k4 parameters. As shown in Ref. [7], xy and kg4
can contribute to the b-tagged SSA through g} - kv or gy - ka
in the yZ interference diagram, and {{gv]2+{gﬂ)2) Kykp oOr
gV 84 (’Cv +;cA] in the Z-only diagram, where g}, , are the vec-
tor and axial-vector components of the Zee couplings. However,
the contributions from gy, - k4 and kvka are associated with the
F3 structure function, which involves the convolution of (fp — f;).
and must be vanishing at the LO and NLO, for the bottom quark
PDF is generated perturbatively through DGIAP evolution [16,17].
Hence, up to the NLO, only the terms proportional to g} - kv and
(xﬁ +xﬁ) will contribute to the b-tagged SSA. On the other hand,

the jet charged weighted cross section O’bQ:l: is weighted by the

electric charge of Q, cf. Eq. (2), as compared to the cross section

;"i used in the calculation of SSA. Hence, on the contrary, the

dog+ p docy p  dopy

(kv ,kp)eb. (8)

contributions from gj - ky and (x% + xﬁ] in WSSA will be van-
ishing, and only the terms proportional to gf; - k4 and kyka will
contribute to the b-tagged WSSA. Since the Z-only diagram will
be suppressed by one more power of Z propagator, we expect the

[m5G; v1.318] R.3(1-5)
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WSSA would dominantly depend linearly on k4 through the y Z inter-
ference diagram. Another important difference between WSSA and
SSA is that the contribution from the Z-only diagram (kvka term)
cannot be ignored in WSSA, because g, < g§. Similar to the SSA,
the y-only diagram will not change the conclusion and only con-
tribute to the denominator of the WS5A.

4. Sensitivity at the EIC

Below, we consider the WS5A measurement at the upcoming
EIC with polarized electron beam. For simplicity, we assume that
both the right- and left-handed electron beams have the same
degree of polarization, with the same integrated luminosity. The
WSSA in Eq. (1) can be related to the experimental observable as

aba _ 1 9 (Pe) —03* (—Pe)
e ~p Q Q ’
Pe 0 (Pe) + 0" (—Pe)

9)

where O’b (P¢) denotes the average jet charge weighted b-tagged
cross section in the experiment for the electron beam with polar-
ization P, =70% at the EIC [33], and it can be related to the cross
sections with the incoming electron at its helicity eigenstates as,

crb (Pe) == (ab++orb )—l—%(ab&—orf_). (10)

With the considered tagging efficiencies in Eq. (7) and the de-
gree of polarization of the electron beam at the EIC, we calculate
various (anti-)quark fraction distributions f}‘, which is defined as:

sioh e =(3) /()

dpy

(11)

where the differential cross section dog(Pe, g, LF) ,fdp{r. cf. Eq. (8),

can be written as a convolution of the PDFs and partonic cross
section according to the collinear factorization theorem. Note that
both the down and strange (anti-)quark contributions have been
added in ff and ff, for simplicity. With the result depicted in
Fig. 2, several comments are in order:

o The fractions f}‘(d) > fj‘(d), while fj(m ~ fj(b), because the
up and down quarks contain both the valence and sea quarks
(with use, =u, etc.), while the charm and bottom quarks are
sea quarks.

o We notice a small difference between f ® and ff(ﬁ) in the

high p]r region. It arises from the fact that the axial-vector Zqq
coupling yields an opposite contribution from quark and anti-
quark scattering processes [7]. The difference becomes obvious
only when the interference effect induced by the yZ diagram
leads to a sizable contribution to the total cross section, ie., in
the high p{r region.

e The quark fraction distributions fj] are strongly dependent on
the jet tagging efficiencies, because the cross sections of the
light quarks are much larger than the bottom quark.

o The fractions ff‘b are very sensitive to the bottom quark mass

in the small p{r region due to the rescaling of the Bjorken x in
the sACOT-x scheme adopted in this calculation.

In Fig. 3, we show the total average jet charge distributions,
cf. Eq. (3), with x = 0.3 at the EIC. The red and blue curves de-
note the predictions with the tagging efficiency scenarios (i) and
(ii) in Eq. (7), respectively. It shows that the expected (Qj), is
sensitive to the jet tagging efficiencies and the heavy quark mass
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Fig. 2. The quark fraction distributions fJ“ as a function of jet pj at the EIC, with
the tagging efficiency scenarios (i) and (ii), cf. Eq. (7), respectively. Here, x is the
Bjorken-x value, rp =1+ 4m2,/Q2, and the electron beam polarization P, = 70%.
Both the down and strange (anti-)quark contributions have been added in the d and
d fractions.

p3aF T T
F—X=xrm,(i)  —x=Xrm,(ii)
Eox=x(i) - x=x,(ii)

02f

{onn

0.1F

B v Lo v 19

5 15 25 35 15
P [GeV]

Fig. 3. The total average jet charge distribution of a b-tagged jet (Q ), as a function

of jet p{r at the EIC. The red and blue curves correspond to the tagging efficiency
scenarios (i) and (ii), cf. Eq. (7), respectively. Here, x is the Bjorken-x value, rp =
1 +4m§_ ol QZ, and the electron beam polarization Pe = 70%.

effects. Such behavior could be understood from the quark frac-
tion distributions fj] in Fig. 2. The comparison of Figs. 2(c) and (d)
shows that the fraction fj‘ is significantly enhanced with the tag-
ging scenario (ii), as compared to (i), while this enhancement is
suppressed after including the heavy quark mass effects via adopt-
ing the sACOT-x scheme, cf. Figs. 2(a) and (b). Also, the behavior
of ff’b is different from that of f}‘

Below, we combine the differential distribution doy°} /dp¥ and
the total average jet charge to estimate the sensitivity of the WSSA
to the Zbb anomalous couplings at the EIC. The systematic uncer-
tainties are assumed to be canceled in the WSSA definition and
will be ignored in this work [34]. With the tagging efficiencies (i)
and (ii) in Eq. (7), we obtain the WSSA at the EIC,

10.3 —13.0k4 — 4.6Ky KA
—1073.94+ 11724 +Kaky
(i) AbQ _ 120.5 — 13.0ka — 4.6Ky Kka _

€ —14748.5 + 117 2ka + kKaKy

(i) A=

(12)

[m5G; v1.318] P4(1-5)
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It shows that ASQ only depends on the linear combination of
kA and kvka, as expected, with a larger coefficient associated
with the former term. The statistical uncertainty of AEQ could
be well controlled due to the large DIS cross section, ie. (i)
o =77 pb and (ii) o =417 pb. With the integrated luminos-
ity £ =100 fb~", the WSSA in the SM are (i) A% =0.008, with
5AB2 /AL — 5% (ii) AB? = —0.007, with A22 /A% = 3%, where
BASQ denotes the statistical uncertainty of ASQ. We notice that
AEQ changes sign from the case with tagging efficiency (i) to (ii).
It arises from the fact that the jet charge weighted cross sections
of the non-b jets are highly enhanced when using a worse tagging
efficiency, as specified in (ii).

In Fig. 4, we show the expected limits, at the 68% confidence
level (C.L.), on the anomalous Zbb couplings for various integrated
luminosities, obtained from the WSSA (purple and gray bands) and
SSA (orange and green bands) measurements at the EIC. The blue
and red bands denote the limits imposed by the R, and (A{_lB, Ap)
measurements at the Z-pole, respectively. It is evident that the
measurement of AEQ (purple and gray bands) is more sensitive
to the axial vector component of the Zbb coupling, i.e.,, k4, while
the SSA (orange and green bands) is more sensitive to the vector
component xy, cf. Ref. [7]. The shapes of the bands from WSSA
are determined by the relative size of the yZ and Z-only dia-
grams and dominantly depend on the interference effect of the
yZ diagram. We note that the WSSA and SSA have a different sen-
sitivity to the Zbb couplings as compared to the measurement of
gg — Zh scattering cross section at the LHC [6]. Therefore, the
measurements of WSSA and SSA at the EIC provide complementary
information on the Zbb couplings to the above-mentioned mea-
surements conducted at the LHC and lepton colliders.

We could also derive the minimal amount of integrated lumi-
nosities needed to exclude the degeneracy parameter space, im-
plied by the precision electroweak data, with ky 4 <0 at the 68%
C.L. The results for the two choices of the tagging efficiencies (i
and ii in Eq. (7)) are found to be (see Fig. 4(a))
(ii): £>1.57".

(i):£>0.03fb1; (13)

To resolve the apparent degeneracy in the parameter space with
ky.a >0, ie, (ky,xa)=(146,0.67), the needed minimal luminosi-
ties are (see Fig. 4(b))

(i):£>06f7"; (ii):£>36.4fb". (14)

Finally, the minimal luminosities to exclude the LEP AIEB measure-
ment (the solution which is close to the SM) through WSSA are

(see Fig. 4(c))
(i):£>122fb7"; (ii): £ > 8583 . (15)

Note that the constraint with the worse tagging efficiency (ii) is
not plotted in Fig. 4(c), for the required luminosity to exclude the
Af’: p anomaly is too large. Although it would be challenging to ver-
ify or exclude the LEP AEE measurement through WSSA with a
worse tagging efficiency, such goal could be realized via SSA over
a few years of running as shown in Ref. [7].

5. Conclusions

In this work, we propose a novel method to probe the
Zbb anomalous couplings by measuring the average jet charge
weighted single-spin asymmetry AgQ, in the total inclusive b-
tagged DIS cross section, of a polarized electron beam scattering
off an unpolarized proton beam at the EIC. We show that both the
quark fraction f(p1) and the average jet charge (Q;),(pt) distri-
butions of a b-tagged jet are sensitive to the b-tagging efficiency
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Fig. 4. The expected limits on the Zbb anomalous couplings kv and «x at the EIC with 68% C.L. The blue and red regions come from the Rp and (AL, Ap) measurements

at the LEP and SLC, respectively. The purple and gray bands come from the measurements of the WSSA Ae

%Q 4t the EIC with the tagging efficiency scenarios (i) and (ii), cf.

Eq. (7), respectively, while the orange and green shaded regions correspond to the expected results from the SSA measurement.

and the mass of heavy quarks. As a result, the determination of
the Zbb couplings from WSSA is sensitive to the b-tagging effi-
ciency. We demonstrated that the WSSA ASQ is sensitive to the
axial-vector component of the Zbb coupling, which is in contrast
to the sensitivity to the Zbb vector component from the SSA mea-
surement and plays a complementary role on constraining the Zbb
anomalous couplings. Similar to the SSA, the WSSA at the EIC could
also clarify the long-standing discrepancy between the LEP A{_IB
measurement and the SM prediction owing to the high luminosity
of the EIC.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work is partially supported by the U.S. Department of En-
ergy Office of Science, Office of Nuclear Physics, under Contract DE-
AC52-06NA25396 through the LANL/LDRD Program, as well as the
U.S. National Science Foundation under Grant No. PHY-2013791.
C.-P. Yuan is also grateful for the support from the Wu-Ki Tung
endowed chair in particle physics.

References

[1] PA. Zyla, et al., Particle Data Group, PTEP 2020 (2020) 083C01.

[2] D. Choudhury, T.M. Tait, C. Wagner, Phys. Rev. D 65 (2002) 053002, arXiv:hep-
ph/0109097.

[3] K. Agashe, R. Contino, L. Da Rold, A. Pomarol, Phys. Lett. B 641 (2006) 62, arXiv:
hep-ph/0605341.

[4] S. Gori, ]. Gu, L-T. Wang, ]. High Energy Phys. 04 (2016) 062, arXiv:1508.07010.

[5] D. Liu, J. Liu, CE.M. Wagner, X.-P. Wang, Phys. Rev. D 97 (2018) 055021, arXiv:
1712.05802.

[6] B. Yan, C.P. Yuan, Phys. Rev. Lett. 127 (2021) 051801, arXiv:2101.06261.

[7] B. Yan, Z. Yu, C.P. Yuan, Phys. Lett. B 822 (2021) 136697, arXiv:2107.02134.

[8] D. Krohn, M.D. Schwartz, T. Lin, WJ. Waalewijn, Phys. Rev. Lett. 110 (2013)
212001, arXiv:1209.2421.

[9] W.J. Waalewijn, Phys. Rev. D 86 (2012) 094030, arXiv:1209.3019.

[10] H.T. Li, L. Vitev, Phys. Rev. D 101 (2020) 076020, arXiv:1908.06979.

[11] H.T. Li, L. Vitev, Phys. Rev. Lett. 126 (2021) 252001, arXiv:2010.05912.

[12] Z-B. Kang, X. Liu, S. Mantry, D.Y. Shao, Phys. Rev. Lett. 125 (2020) 242003,
arXiv:2008.00655.

[13] Z-B. Kang, X. Liu, S. Mantry, M.C. Spraker, T. Wilson, Phys. Rev. D 103 (2021)
074028, arXiv:2101.04304.

[14] G. Aad, et al., ATLAS, Phys. Rev. D 93 (2016) 052003, arXiv:1509.05190.

[15] AM. Sirunyan, et al, CMS, ]. High Energy Phys. 10 (2017) 131, arXiv:1706.
05868.

[16] S. Moch, J.A.M. Vermaseren, A. Vogt, Nucl. Phys. B 688 (2004) 101, arXiv:hep-
ph/0403192.

[17] S. Catani, D. de Florian, G. Rodrigo, W. Vogelsang, Phys. Rev. Lett. 93 (2004)
152003, arXiv:hep-ph/0404240.

[18] R.D. Field, R.P. Feynman, Nucl. Phys. B 136 (1978) 1.

[19] C.W. Bauer, S. Fleming, D. Pirjol, LW. Stewart, Phys. Rev. D 63 (2001) 114020,
arXiv:hep-ph/0011336.

[20] C.W. Bauer, D. Pirjol, LW. Stewart, Phys. Rev. D 65 (2002) 054022, arXiv:hep-
ph/0109045.

[21] C.W. Bauer, S. Fleming, D. Pirjol, 1.Z. Rothstein, LW. Stewart, Phys. Rev. D 66
(2002) 014017, arXiv:hep-ph/0202088.

[22] M. Beneke, A.P. Chapovsky, M. Diehl, T. Feldmann, Nucl. Phys. B 643 (2002) 431,
arXiv:hep-ph/0206152.

[23] S.D. Ellis, CK. Vermilion, J.R. Walsh, A. Hornig, C. Lee, ]. High Energy Phys. 11
(2010) 101, arXiv:1001.0014.

[24] A. Jain, M. Procura, W.J. Waalewijn, ]. High Energy Phys. 05 (2011) 035, arXiv:
1101.4953.

[25] T. Sjostrand, S. Mrenna, PZ. Skands, Comput. Phys. Commun. 178 (2008) 852,
arXiv:0710.3820.

[26] E. Braaten, K-m. Cheung, S. Fleming, T.C. Yuan, Phys. Rev. D 51 (1995) 4819,
arXiv:hep-ph/9409316.

[27] MAG. Aivazis, Fl. Olness, W.-K. Tung, Phys. Rev. D 50 (1994) 3085, arXiv:hep-
ph/9312318.

[28] MA.G. Aivazis, ].C. Collins, F1. Olness, W-K. Tung, Phys. Rev. D 50 (1994) 3102,
arXiv:hep-ph/9312319.

[29] J.C. Collins, Phys. Rev. D 58 (1998) 094002, arXiv:hep-ph/9806259.

[30] M. Krimer, .. Olness, D.E. Soper, Phys. Rev. D 62 (2000) 096007, arXiv:hep-ph/
0003035.

[31] W-K. Tung, S. Krezer, C. Schmidt, J. Phys. G 28 (2002) 983, arXiv:hep-ph/
0110247.

[32] S. Dulat, T-J. Hou, ]. Gao, M. Guzzi, ]. Huston, P. Nadolsky, ]. Pumplin, C.
Schmidt, D. Stump, C.P. Yuan, Phys. Rev. D 93 (2016) 033006, arXiv:1506.07443.

[33] A. Accardi, et al., Eur. Phys. ]. A 52 (2016) 268, arXiv:1212.1701.

[34] S. Chekanov, et al., ZEUS, Eur. Phys. J. C 62 (2009) 625, arXiv:0901.2385.

67

69
70
[l

73
74
75
76

78

2E8EBNFFRERBRRE S

92
93

SIS

100
101
102
103
104
105
106
107
108
109
110
m
12
13
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132



	Jet charge: A new tool to probe the anomalous Zbb̄ couplings at the EIC
	1 Introduction
	2 The jet charge
	3 DIS cross section
	4 Sensitivity at the EIC
	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


