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To resolve the long-standing discrepancy between the precision measurement of bottom quark forward-
backward asymmetry at LEP/SLC and the Standard Model prediction, we propose a novel method to
probe the Zbb coupling by measuring the single-spin asymmetry A’g of the polarized lepton cross section
in neutral current DIS processes with a b-tagged jet at HERA and EIC. Depending on the tagging efficiency
of the final state b-jet, the measurement of Ag at HERA can already partially break the degeneracy found
in the anomalous Zbb coupling, as implied by the LEP and SLC precision electroweak data. In the first
year run of the EIC, the measurement of AZ can already break the degeneracy, due to its much larger
luminosity and higher electron beam polarization. With enough integrated luminosity collected at the
EIC, it is possible to either verify or exclude the LEP data and resolve the AEB puzzle. We also discuss the
complementary roles between the proposed A’E’ measurement at EIC and the measurement of gg — Zh
cross section at the HL-LHC in constraining the anomalous Zbb coupling.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The bottom quark forward-backward asymmetry (AEB) at the
Z-pole measured at the Large Electron-Positron collider (LEP) ex-
hibits a long-standing discrepancy with the Standard Model (SM)
prediction by a significance around 2.10 [1]. Though the observed
discrepancy could be caused by statistical fluctuation or some sub-
tle systematic errors in the experiment, it could be an evidence of
new physics (NP) beyond the SM. Many global analyses have been
carried out in the literature to include also the other experimen-
tal data sensitive to the Zbb coupling, such as the measurement
of the branching fraction (Rp) of Z — bb in the inclusive hadronic
decay of Z at LEP, and the left-right forward-backward asymme-
try (Ap) of b production at the Stanford Linear Collider (SLC) ex-
periment with longitudinally polarized electron beam. A class of
popular NP models to interpret these precision data is to intro-
duce an anomalous right-handed Zbb coupling, while keeping the
left-handed Zbb coupling about the same as the SM [2-5]. Such
a condition can be fulfilled for any theory with an underlying ap-
proximate custodial symmetry [3]. However, it is well known that
combining the R, and AIF’B, Ap measurements at the Z-pole does
not uniquely determine the Zbb coupling, but leads to 4 degener-
ate solutions [2]. The LEP A?B measurement off the Z-pole offers a
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way to break that degeneracy, but not completely, due to the low
event rate, with still two possible solutions left [2]. To break this
degeneracy, more events off the Z-pole should be accumulated in
a future lepton collider, such as CEPC, ILC, CLIC and FCC-ee [6-8].

While still in wait for a next-generation lepton collider, we
shall also seek for other opportunities that exist in the present or
near future to break the above-mentioned degeneracy by, for ex-
ample, probing exclusively the vector or axial-vector component
of the Zbb coupling, as well as to confirm or exclude the dis-
crepancy between the AIF’B measurement and the SM. In a recent
paper, we proposed to resolve this puzzle through the precision
measurement of gg — Zh scattering at the Large Hadron Collider
(LHC) [9], which is sensitive to the axial-vector component of the
Zbb coupling. We showed that the high-luminosity LHC (HL-LHC)
can not only break the degeneracy, but also verify or exclude the
anomalous Zbb coupling observed at LEP through measuring the
Zh production rate, and this conclusion is not sensitive to possible
NP contribution induced by top quark or Higgs boson anomalous
couplings in the loop [9].

In this paper we propose a novel method for directly measur-
ing the vector, as opposed to the axial-vector, component of the
Zbb coupling, to be carried out at lepton-hadron colliders, such
as HERA and the upcoming Electron-lon Collider (EIC). The ob-
servable we propose to probe the Zbb coupling is the single-spin
asymmetry (SSA) A‘g of the polarized lepton-proton cross section
in neutral current deeply-inelastic scattering (DIS) processes with
one b-tagged jet in the final state [10],
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where a;f’i is the total inclusive b-tagged DIS cross section of a
right-handed (+1/2) or left-handed (—1/2) lepton (ie. electron
or positron) beam scattering off an unpolarized proton (p) beam.
In a parity-conserving theory, the SSA would be exactly zero. The
photon-only diagrams will cancel in A2, which accounts for the
major portion of the cross section abtf’i, such that we could gain di-
rect probe to the diagrams with Z boson exchange. To a very good
approximation, the Zee coupling can be taken to be fully axial-
vector, for its vector component is almost zero. Hence, as to be
shown below, only the vector component of the Zbb coupling can
contribute to the parity-violation observable Alg via the y-Z inter-
ference channel. When the momentum transfer scale Q is much
less than the Z boson mass my, the Z-Z channel is suppressed by
the Z propagator at low Q. Therefore, the SSA is expected to give
a sensitive probe to the vector component of the Zbb coupling.
This information is complementary to that obtained by measuring
the gg — Zh cross section at the LHC, which is sensitive to the
axial-vector component of the Zbb coupling [9].

We will demonstrate in the following that the asymmetry A’g
is indeed exclusively sensitive to the vector component of the Zbb
coupling and the existing tensions and/or the degeneracy of the
Zbb coupling from the electroweak precision data could be re-
solved by the A? measurements at the HERA and EIC.

2. DIS cross section

The polarized cross section for the scattering e (k) + p(P) —
e (k') + X can be expressed in terms of structure functions [1] as

. 2
Y F F32 (y— y—), (2)
X 2

where o* denotes the cross section for e*, A, = +1 denotes
the helicity of incoming lepton, and o = 4mwad,/(xy?S) with
S = (k+ P)? and aem the fine-structure constant. The standard DIS
kinematic variables are defined as

Q? P-q

X= s = —,
2P .q Pk
where q = k — k' denotes the momentum transfer of the lepton.

The structure functions F; = F;(x, y) with i =1,2,3 contain the
contributions from photon-only channel (Fl.y ), Z-only channel (FiZ )

daf;
oodxdy

=F ((1 -2+ 1) +FL

Q?=-¢% xyS=1Q2, 3)

and the y-Z interference channel (F,-y Z), and can be written as

z
Fi=F — (g} £ he8i)NyzF] " + (8} £ he8i) N2 F7, 4)
with the definition of F; = F, — xFy. The parameters g, = —1/2+
Zs%,v and g§ = —1/2 are the vector and axial-vector couplings of

electron to Z boson, respectively. The factors n; denote the ratios
of the couplings and propagators to the photon propagator and
coupling, i.e.

Q2 1
M2 =02 7 2c2 <2

2
= = . 5
Q2 +m?% 4cl, s, 2 =1yz ®)

Here sy =sinfy and cw = cosOy, with 6y being the weak mix-
ing angle, whose numerical value leads to small g{ ~ —0.038,
which justifies the approximation we made in the Introduction
section.

The structure functions with massless and massive quarks have
been extensively discussed at the next-to-next-to-leading order
(NNLO) accuracy in QCD [11-17], and it is well known that the
dependence of DIS cross section on heavy quark masses, m.p can
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be significant when Q ~ mc . Moreover, Wilson coefficients with
massive quark lines must be calculated within the same factoriza-
tion scheme as the one adopted to evaluate running of the strong
coupling os and extract parton distributions functions (PDFs) from
a global analysis of experimental data. The Simplified-ACOT-x (S-
ACOT-y ) scheme [18-22] has been employed successfully to calcu-
late the heavy quark cross sections in the CTEQ PDF global analy-
sis [23,24]. In this study, we will discuss the impact of the HERA
Run-1I data, with longitudinally polarized e* beam, which were
not used in the determination of the CT14NNLO PDFs. [24]. Hence,
in the following numerical calculation, we will take CT14NNLO
PDFs and calculate the structure functions F; with the S-ACOT-x
scheme to the NNLO accuracy in QCD. In order to be consis-
tent with the application of CT14NNLO PDFs, the pole mass my =
4.75 GeV and m. = 1.3 GeV are used for calculating the massive
structure functions. The heavy quark structure functions contain
contributions which are dependent on the Z-g-q coupling, with
q =c or b. At NNLO, heavy quark can also be produced in the
final state of the subprocesses in which only light quark flavors
are directly coupled to the Z boson. This type of contribution to
the total cross section is numerically small and has been consis-
tently included in the light quark structure functions, as discussed
in Ref. [16].

3. Theoretical analysis

Next, we discuss how the non-standard Zbb coupling could af-
fect the value of SSA A’g, as defined in Eq. (1), measured at e-p
colliders. We parametrize the Zbb effective Lagrangian as,

gw

5 byu(kvgy —kaghys)b Zy, (6)
cw

Letr =
where gy is the SU(2); gauge coupling, and g(’, =-1/2 +2/35%,V
and gl/" = —1/2 are the vector and axial-vector components of the
Zbb coupling in the SM, respectively. The coupling modifiers kv 4
are introduced to include possible NP effects in the Zbb interac-
tion. A general analysis of NP effect on A‘e’, including all possible
higher dimensional operators, will be presented elsewhere.

We now give a detailed analysis on how «y and k4 can appear
in the SSA Alg. First of all, the numerator of Eq. (1) takes a form of
helicity difference. Taking helicity difference of the incoming lep-
ton is equivalent to inserting one 5 matrix. Hence, a non-zero Alg
can only occur with the presence of some parity-violating struc-
tures (involving Z boson couplings) in the diagrams; specifically,
they can be

e in the y Z interference diagrams,

e e .
84 Kv, OI &y - KA

e and in the Z-only diagrams,
((gev)2 - (gi\)z) “Kyka, or 8585 (:c%, +K§) ;

where kv 4 should be interpreted as being multiplied by g"’,’ e
respectively. Since g}, « g4 and Z-only diagrams are suppressed
by one more power of Z propagator, the most dominant term is
g% - kv in the y Z interference diagrams. Furthermore, the g, - k4
term in yZ channel and «yk4 term in ZZ channel are associ-
ated with F3 structure function, which involves the convolution
of the difference between quark and antiquark PDFs f; — f3. Both
at leading-order (LO) and next-to-leading order (NLO), the quark
parton out of the proton is identical to the quark directly inter-
acting with the vector boson in the Feynman diagrams, so q = b,
and fp — f; =0 exactly. Hence, those terms linear with x4 vanish
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Table 1

The integrated luminosity and lepton beam’s longi-
tudinal polarization for each data set of H1 [28]
and ZEUS [10,29]. R (L) denotes right-handed (left-
handed) lepton data set.

H1 R L
ep  47.3pb~', 036 104.4pb~1, —0.258
etp 101.3pb~',0.325  80.7pb~', —0.37
ZEUS R L

e p 71.2pb~1, 0.29 98.7pb~!, —0.27
etp 78.8pb~"', 0.32 56.7pb~!, —0.36

up to NLO. At NNLO, g can be other quark flavor, and f, — fj is
not zero due to DGLAP evolution effect [25,26], and thus the con-
tribution from the «4-linear terms starts to be non-zero, though
small. Therefore, we conclude that the numerator in Eq. (1) domi-
nantly depends linearly on ky through y Z interference diagrams. The
dependence on x4 is suppressed by small gf,, or Z propagator, or
higher-order effects. The denominator in Eq. (1) is dominated by
y-only diagrams, and does not affect this conclusion. In the fol-
lowing numerical analysis, we have included the full NNLO QCD
corrections, with both the xy and x4 dependence included, and
verified that the contribution from x4 to A’; is negligible.

We note that although we are interested in comparing to the
b-tagged cross section only, both light and heavy quarks can con-
tribute to the measured value of A% in practice. This arises from
the imperfect jet tagging efficiency, which is dependent on the jet
transverse momentum and rapidity observed in the final state. It
has been shown at the LHC [27] that when the b-jet tagging effi-
ciency (€p) is within [0.5, 0.7], the misidentification probability of
a light quark as a b-jet (¢}) can be [103, 10~2], and the misiden-
tification probability of a ¢ quark as a b-jet (ef) is in [0.03, 0.2].
Importantly, these probabilities are not very sensitive to the kine-
matics of the jets [27]. Therefore, although the detectors and jets’
kinematic distributions are different between the LHC and HERA
or EIC, the tagging efficiencies at the LHC can serve as a good ref-
erence that can be used to estimate the expected sensitivity of the
Zbb coupling from the Alg measurement at HERA or EIC. In this
study, we hence adopt two sets of benchmark tagging efficiencies
as

(i) €2 = 0.001,
(i) €] = 0.01,

€2 =0.03,

el =02,

€, =0.7;
€p = 0.5. (7)

Here, the scenario (i) represents a good b-tagging efficiency, and
(ii) a worse one.

Taking into account all possible quark flavor contributions, the
b-tagged inclusive cross section can be approximated by

") = Y 0q(he)éq +0c(he)€l +Op(he, kv, kn)ep.  (8)
q=u,d,s

Below, we present the numerical result of our calculation, using
CT14NNLO PDFs [24] for HERA (Ecm = 318 GeV) and EIC (Eqp =
141 GeV), up to the NNLO accuracy. Both the renormalization and
factorization scales are fixed at u = Q.

4. Sensitivity at the HERA

The HERA experiment used both electron and positron beams,
with different degrees of polarization and luminosities. The polar-
ization and luminosity also differ between right-handed and left-
handed data sets, as shown in Table 1. The SSA in Eq. (1) is related
to experimental measurement by [10]
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Fig. 1. The expected limits on the anomalous Zbb couplings kv and k4 from the
Ab measurements at HERA, at 68% C.L.. The blue and red regions come from the
Rp and (A?B,Ab) measurements at the LEP and SLC, respectively. The orange and
green bands come from the measurements of the asymmetry Ag at HERA, with the
tagging efficiency scenarios (i) and (ii) in Eq. (7), respectively.

b_ 9" (P) =0, (=PY)
¢ PLof(Pe) + Pe o (—Py)’

(9)

where crg"t(Pe) denotes the total b-tagged cross section mea-
sured in the experiment for the lepton beam with polarization
P, and we take the convention P, P, > 0. In this study, we
focus on the following kinematic regions: x € [0.002,0.65] and
02 € [120,50000] GeV? for H1 [28], and x e [0.004,0.75] and
Q2 € [185,50000] GeV2 for ZEUS [10,29] experiments, respec-
tively.

The systematic uncertainties are assumed to cancel in SSA and
can be ignored [10]. With the tagging efficiencies considered in
Eq. (7), we calculate the relative error §A2/AD and find it to be
around 60% ~ 80% for each HERA experiment listed in Table 1. To
estimate the impact from the H1 and ZEUS data on constraining
the anomalous Zbb coupling, we conduct a combined x2 analysis
with all the HERA II data sets, cf. Table 1, included as

Abyth _ abyexp ]2
x2=2[—( o) M,S o) } , (10)

i

where (AS)}I‘ and (A’g)pr are, respectively, the theoretical pre-
dictions at the NNLO accuracy and the experimental values for
the i-th asymmetry data. In this study, for simplicity, we assume
that the experimental values agree with the SM prediction, i.e.,
(AT = (AL

In Fig. 1, we compare the precision of determining the Zbb
coupling through the Ag measurements at HERA to the precision
electroweak data at LEP and SLC. The blue and red shaded regions
denote the constraints, at 68% confidence level (C.L.), from the R}
and (A?B,Ab) measurements at the Z-pole, respectively. The or-
ange and green bands correspond to the measurements of SSA AZ
at HERA with the tagging efficiencies (i) and (ii) in Eq. (7), re-
spectively. It is evident from the orange and green bands in Fig. 1
that the measurement of A? is sensitive to the vector component
of the Zbb coupling «y, but not the axial-vector component g4,
as argued before. This is opposite to the impact of measuring the
production rate of gg — Zh at LHC [9], which is sensitive to kg,
but not «y. As a result, the HERA (and EIC, to be discussed below)
are complementary to the LHC and lepton colliders in the mea-
surement of the Zbb coupling.

From Fig. 1, it is clear that two of the degenerate solutions
with kv a4 <0 could be excluded after combining the HERA data
with the Z-pole measurements, and this conclusion still holds even
when we use a worse tagging efficiency (green band). Therefore,
the HERA data could be used to crosscheck the off-Z-pole AgB
measurement at the LEP, which has been used to exclude the part
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Fig. 2. Similar to Fig. 1, but at the EIC, with E. = 141 GeV and P, = 70%.

of the parameter space with ky a4 <O [2]. However, it remains dif-
ficult to resolve the apparent degeneracy in the parameter space
with kv 4 > 0 due to the limited statistics for both the off-Z-
pole data at LEP and the A2 measurement at HERA. In order to
break the remaining degeneracy with «y 4 > 0 by the Alg mea-
surement, it requires a much better jet-tagging efficiency at HERA,
e.g. €0 =0.0005, €5 =0.01, and €? =0.95.

5. Sensitivity at the EIC

The upcoming EIC has a lower center-of-mass energy than
HERA, but with a vastly higher luminosity and beam polariza-
tion, reaching 10 — 100 fb~! per year, with polarization as high
as 70% [30]. We only consider electron beams at EIC, and the
degrees of polarization and integrated luminosities for right- and
left-handed electron beams are taken to be the same. Then Eq. (1)
is translated to experimental measurement via

b l O_l;tot(Pe) _ O_l;iot(_l)e)
¢ Pe UgOt(Pe) + O’Z;EOt(_Pe)’

(11)

with °'(P,) having the same meaning as in Eq. (9), and P, = 70%
at EIC. The statistical uncertainty of A is

P;2 — (Ab)* . 1/P

L-[ogg (Pe) + 055 (=Pe)] [ £5t%0)

where the subscript ‘0’ indicates the SM prediction, i.e., with ky =
ka =1, and the second equality takes the approximation of A’g <
1, with abtgt(O) denoting the unpolarized b-tagged cross section. So
with a higher luminosity and beam polarization, EIC shall give a
much stronger constraint on the Zbb coupling than HERA.

To improve jet reconstruction in the hadronic final state and
to enhance the contribution of yZ interference channel, which
dominates the SSA Ag, we only consider data with Q > 10 GeV.
Thus, we shall focus on the EIC kinematic region: x € [0.005, 0.8]
and Q2 €[10%,10%] GeV? [31]. With the canonical integrated lu-
minosity, £ =10 fb~', and the tagging efficiencies (i and ii) in
Eq. (7), the SM predictions yield (i)AL = —0.023, 5AL/AL = 7.7%;
(ii)Ab = —0.014, §AD/AD = 6.5%.

sAb = (12)
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In Fig. 2, we show the expected constraining power of EIC on
the anomalous Zbb coupling «y and k4 with different luminosi-
ties at 68% C.L.. We find that the minimal luminosities needed to
exclude the degeneracy in the parameter space with «y 4 <0, un-
der the two choices (i and ii) of the tagging efficiencies listed in
Eq. (7) are, respectively, (see Fig. 2(a))

():£>27pb"';  (ii):£L>214pb~ 1. (13)

The minimal luminosities needed to resolve the apparent degener-
acy in the parameter space with kv 4 >0, i.e, (kv, k4)=(1.46,0.67),
are, respectively, (see Fig. 2(b))

(i):£>05f"1; (ii):£L>4.0fb. (14)

The minimal luminosities to exclude the LEP A?B measurements,
i.e., to exclude the solution that is close to the SM, are, respectively,
(see Fig. 2(c))

(i):£>420f""; (ii):£>3326fb"L. (15)

Hence, with the “canonical” integrated luminosity, about 10 fb~1,
the measurement of A’g at EIC can already break the degeneracy in
the first year of running. In comparison with the potential of the
HL-LHC to break the degeneracy, EIC is surely a better machine for
this task, unless a large deviation from the SM coupling is found
experimentally. To exclude the LEP A’;B measurements would prob-
ably require the maximal luminosity scenario of the EIC, over a few
years of running [30].

Finally, we remark that though we focus on final states with
b-tagged jet in this study, the same method can also be applied
to final states with b-hadrons. Furthermore, a similar analysis can
also be applied to the Large Hadron Electron Collider (LHeC) [32]
at CERN to constrain the Zbb anomalous couplings.

6. Conclusions

In this Letter, we propose to probe the Zbb coupling by mea-
suring the single-spin asymmetry Alg of the polarized lepton cross
section in neutral current DIS processes with a b-tagged jet at
HERA and EIC. We show that A2 is exclusively sensitive to the vec-
tor component of the Zbb coupling, and plays a complementary
role to the measurement of the total cross section of gg — Zh at
the HL-LHC, which is sensitive to the axial-vector component of
the Zbb coupling. Depending on the tagging efficiency of the final
state b-jet, the measurement of A’g at HERA can already partially
break the degeneracy found in the Zbb coupling, as implied by
the LEP and SLC precision electroweak data. It takes EIC to clarify
the long-standing discrepancy between the LEP AIF’B data and the
SM prediction, because of its much higher luminosity and electron
beam polarization. With enough integrated luminosity collected at
the EIC, it is possible to either verify or exclude the LEP data and
resolve the A%, puzzle.
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