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We study the sensitivity of the upcoming Electron-Ion Collider to purely electrophilic new physics in the
GeV mass range. Within an effective field theory framework, we consider two different scenarios: an
axionlike particle (ALP) and a new heavy neutral vector gauge boson Z'; each couples to electrons only. We
analyze electron-proton collisions at /s = 141 GeV with an integrated luminosity of 100 fb~!, focusing
primarily on the trielectron final state. Additionally, loop-induced ALP-photon couplings driven by photon
final states are also explored. Incorporating realistic detector effects and systematic uncertainties, we obtain
projected exclusion limits on the relevant cross sections and couplings. We find that the results from the
Electron-Ion Collider can significantly extend the sensitivity to electrophilic axionlike particles and
Z' bosons in regions of parameter space that remain weakly constrained by existing experiments.
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I. INTRODUCTION

Despite the triumph of the standard model (SM) after the
discovery of the 125 GeV Higgs boson at the Large Hadron
Collider (LHC) [1,2], it still fails to address some of the
fundamental aspects of particle physics like dark matter
(DM) [3-6], nonzero neutrino mass [7-9], baryon asym-
metry [6,10,11], the strong CP problem [10,12], etc. To
address these shortcomings of SM at its present setup,
beyond the standard model (BSM) particles are often
introduced. These BSM particles may leave their trace in
colliders [10,13-15], cosmology [6,16], and astrophysical
environments [17] depending on their fundamental nature,
e.g., mass, interaction strength, and interaction type [10].
Colliders like LHC, Large Electron Positron Collider
(LEP), etc., have served as one of the most effective ways
to look for these BSM particles from the past several
decades, since we have the very precise information of the
expected SM background compared to the astrophysical or
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cosmological probes, and, thus, have put stringent con-
straints on several BSM scenarios [10,13—15].

The Electron-Ion Collider (EIC) will be operational in the
existing Relativistic Heavy lon Collider infrastructure at
Brookhaven National Laboratory [18,19]. This facility will
enable high-luminosity deep inelastic scattering by colliding
a polarized electron beam, capable of reaching energies of
E, =21 GeV, against hadron beams including polarized
protons at £, <250 GeV and fully stripped heavy ions at
E, <100 GeV /u. This configuration yields center-of-mass
energies that span 30-145 GeV for polarized e p interactions
and 20-90 GeV for eA collisions. The EIC is designed to
achieve peak luminosities between 10°3 and 10’ cm™2s7!,
providing the high-statistics data required for the study of
various scenarios beyond the standard model. In our collider
analysis, we set the center-of-mass energy for the unpolar-
ized e” p collisions, with E, = 18 GeV and E,, = 275 GeV
[20,21], respectively, providing +/s = 141 GeV with an
integrated luminosity of £ = 100 fb~!. EIC was originally
proposed to probe the QCD frontier, but it can also be
invaluable to probe various aspects of BSM physics scenar-
ios. Several studies have already explored this possibility in
the future EIC and have shown promising detection pros-
pects for previously unexplored BSM physics parameter
space [20-36]. Although the LHC is useful for probing the
energy frontier, the EIC provides a cleaner experimental
environment with less contamination from SM backgrounds
and measurements with unprecedented precision.
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The axion is one of such well-motivated BSM particles that
was proposed to solve the strong CP problem [12,37-39].
The axion is the pseudo-Nabu-Goldstone boson (pNGB) of
spontaneously broken global chiral U(1) symmetry dubbed
as the Peccei-Quinn symmetry and has a mass inversely
proportional to the breaking scale of the U(1) symmetry
(f o) To realize such an axion, there exist several well-known
ultraviolet (UV) complete BSM models, e.g., Peccei-Quinn-
Weinberg-Wilczek [12,37,38], Kim-Shifman-Vainshtein-
Zakharov [40,41], and Dine-Fischler-Srednicki-Zhitnitsky
[42,43] model. On the other hand, axionlike particle (ALP) is
coined to broadly signify the pNGBs not specifically related
to the strong CP problem and can arise in multiple BSM
theories with U(1) symmetries broken at some scale higher
than the electroweak scale [44—46]. ALPs can couple to SM
fermions and can lead to a rich phenomenology. Axion and
ALPs have been extensively studied in the context of DM
[45,47-52], portal to DM [46,53], cosmology [54-56], and
astrophysics [57—60]. Collider and fixed target experiments
provide the most direct probe of such ALP interactions, and
numerous experimental bounds have been placed on the
effective ALP-SM couplings in the GeV and sub-GeV mass
ranges [61]. Examples of such existing works include LEP
[62-66], LHC [46,67-75], muon collider [76], beam dump
[77-83], BABAR [84], and Belle experiments [85].

Similarly, U(1), gauge extended BSM models are also
motivated from several particle physics problems, includ-
ing the DM portal [86-88], neutrino mass [88,89], baryon
asymmetry [90], flavor anomalies [91], and other phenom-
enological aspects as well [92-98]. The gauge boson Z’
realized in such models has also been searched for the past
several decades in numerous present and future experi-
ments [92]. For example, in the TeV or sub-TeV masses
LHC [99-102] and LEP [103]; in the GeV regime LHCb
[104], in the sub-GeV regime Belle [85], BABAR [84], and
fixed target experiments [92,105] have placed stringent
constraints on such Z’' through their coupling with quarks
or leptons. In the MeV—-sub-MeV mass region neutrino
scattering experiments [94,106], cosmological probes
[107,108]; in the keV regime astrophysical constraints like
stellar cooling [109—112] constrain Z’-electron interaction.

These BSM particles are mostly studied through their
effective interactions in the effective field theory (EFT)
framework. For both ALP and Z’, LHC places the strongest
constraint on their interactions with quarks or photons in the
O(100) GeV mass range due to the high center-of-mass
energy. However, the effective interactions of such ALPs and
Z' with electrons remain less explored in the mass range
between ~10 and 100 GeV. The EIC collider can provide a
unique opportunity to probe such electrophilic GeV-scale
BSM particles. EIC can be more effective in probing such
particles due to the low QCD background and the high
integrated luminosity (100 fb=') [19]. Previously, several
works have considered EIC to constrain ALP-photon cou-
plings [20,35,36] and heavy neutral leptons [21]. However,

the ALP-electron and Z’'-electron couplings have not yet
been explored at the EIC, which serves as the primary goal of
this work.

In this work, we probe the electrophilic ALP and Z’ in
the upcoming e-p collider. We consider an EFT framework
where an ALP is linearly coupled to the electron only. We
considered the ALP-induced e~ p — e~ ete™j process as
signal events. The same signature can be mimicked by the
SM photon and the Z boson, and we consider them to be the
SM background. Using proper cuts and statistical analysis,
we place the projected limit of the future e-p collider. We
follow the same methodology to probe an electrophilic Z’
gauge boson coupled to the electron through the fermion
current. Using state-of-the-art analysis, we demonstrate the
potential reach of the future e-p collider in probing such
electrophilic BSM sectors.

This paper is organized as follows. In Sec. II, we present
the model of interest, featuring an electrophilic ALP in
Sec. IT A and an electrophilic Z’ in Sec. II B. An in-depth
collider analysis for the ALP scenario is discussed in Sec. 111,
for three possible final states. Section IV presents the collider
analysis for the Z' scenario. In Sec. V, we compare our
results with the existing bounds. Finally, we conclude and
outline future directions in Sec. VL

II. THEORETICAL FRAMEWORK

As mentioned in the Introduction, we consider two
example BSM scenarios where the SM particle content is
augmented by (i) an electrophilic ALP and (ii) an electro-
philic vector boson. As the names suggest, for each of these
BSM scenarios, we consider coupling with the electron only
in a model-independent way.

A. Electrophilic ALP

In this section, we extend the SM by an ALP, which arises
as the pNGB, associated with the spontaneous breaking of
global U(1) symmetry at an energy scale A, assumed to be
well above the energy scale (E) associated with the processes
considered in this analysis. For our considered energy range,
E < A, the interaction of ALP with SM fields can be
described using the effective field theory framework. In this
analysis, we restrict ourselves to the ALP interaction with the
electron only, and the corresponding effective interaction
Lagrangian is given by

1 1
Lap D 3 (0,a)(d"a) — Emiaz — ig,..aey’e, (2.1)

where g,.. and m, are the coupling and mass of the ALP,
respectively. Such kind of couplings can be realized in
several UV complete models [43,46] where effective oper-
ators of dimension 5 can be realized between ALP and SM
fermions featuring a derivative coupling with the axial
current of the fermion. One can use the Dirac equation
and field redefinition to obtain the pseudo Yukawa-like

015002-2



ALP AND Z' BOSON AT THE ELECTRON-ION COLLIDER

PHYS. REV. D 114, 015002 (2026)

q q
_— >
V/Z3 e q q
> ¢
e~ e
<« ’y/Z
a e+ CL/
—_———————
e~ e e e et

FIG. 1.
e"p — eTe et final state.

interaction in Eq. (2.1). In principle, one can assume ALP
coupled to all SM fermions, although simultaneous con-
tributions from multiple couplings in the physical processes
may jeopardize our understanding of the BSM paradigm. For
a better understanding of ALP-electron interactions, we
neglect all other ALP-fermion couplings (simply by setting
other Wilson coefficients to zero [45,46]) and adhere to
Eq. (2.1) throughout this work.

The presence of such an ALP will have striking conse-
quences in the upcoming e-p collider. The scattering of ¢ and
p can produce a distinct trilepton signature (see Fig. 1), i.e.,

e +p—oe +e e+ (2.2)
In addition to the contribution of the SM from the y and
Z boson, ALP also contributes to this process. Thus, any
statistically significant event that exceeds the expected SM
background will result in a projected limit on the parameter
space, as will be demonstrated later in this paper.

It is worth highlighting that, despite the absence of any
tree-level ALP-photon coupling, it may be generated through
an electron loop, leading to the following loop-induced ALP
diphoton coupling [61,113]:

L 1 eff uv I
ay 2 4g,m,aF F, (2.3)

where the loop-induced effective coupling of ALP photons,
gzg;fy, henceforth referred to as g,,,, is given by [61,113]

(xgaee
Yayy = ;m—e(Bl(T) -1) (2.4)
with
4 2
Bi(7) =1 —17f*(r), witht= ize,
mll
sin~! (%) fort>1,
and f(7) = i (2.5)
y 3 i 1 1-7
Z4+4In li\/m for 7 < 1.

We have also incorporated this interaction into our analysis.
However, for our region of interest (m, 2 5.5 GeV),

q q
—_——
Y/Z3 e q q
> ¢
e~ e
——— Y/Z3 v)Z
v/Z3 et /
e g
e~ e~ e e et

The leading order (LO) Feynman diagrams for signal process [(a), (b)] and background process [(c), (d)] in the

we found that g, is always suppressed by ~O(m,/m?)
and, hence, does not contribute significantly to the event
rates. The partial decay width for the ALP to an electron pair
and a photon pair can be written as

r _ gieema 1 — 4m%
a—e’e” T 8ﬂ mg ’
3 2
Ma(Gayy)
Fa—>}/7 - ? . (26)

B. Electrophilic Z’' boson

Similar to the previous subsection, here we consider
a Z' coupled to an electron:

1 1 _
Ly D 1 A Em;zﬂ — grer'eZ,,

(2.7)
where g, and m’, are the coupling and mass of the BSM Z/,
respectively. Z,, = 0,Z, — 0,7, is the Z' field strength
tensor. Z' arise from the breaking of a new local U(1)y
Abelian gauge symmetry under which the SM particles are
charged. SM fermion charges can be chosen arbitrarily,
though their charge combinations are fixed from anomaly
cancellation conditions [94]. Thus, a pure electrophilic Z’ is
not possible in a gauge-invariant theory. However, in
anomaly-free constructions, such as the L, — L, frame-
work, Z' can couple with electrons without quark cou-
plings. Hence, we work with Eq. (2.7) and obtain the
conservative limits on such BSM gauge bosons.

Similar to ALPs, Z’ can also induce trielectron events,
leading to excess events over the expected background. At
this point, it is worth noting that, since leptons are part of
doublets, Z’ will also couple to v, as well. In our analysis,
we have considered this coupling as well, although neu-
trinos do not lead to any visible signature and are, hence,
not useful for us. The partial decay widths of the Z’ are
given by

2 2 2
" d 2 4
Ty, =%2" <1+ m) 1= (28)

127 m2, m,
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9%/ myz
FZ’ —up .
24r

(2.9)

The parameter space of interest in this work mainly
focuses on GeV-scale mass for the ALP or Z' boson, with
coupling strength roughly in the range of O(1073-1).
Using Egs. (2.6) and (2.8), we find that the ALP and
the Z’' boson decay promptly into two on-shell electrons in
the aforementioned parameter region with a typical decay

width T'~ 1077 GeV, which corresponds to c7 =% ~

2.0 x 107 m ~ 2 nm. This proper decay length is much
smaller than detector-scale displaced-vertex resolutions.
Thus, we consider the reconstruction of a prompt e*e™
resonance throughout the paper unless mentioned explic-
itly. After having a detailed discussion of the theoretical
framework, we now move to the collider analysis of the
aforementioned two BSM scenarios.

III. COLLIDER ANALYSIS OF LEPTOPHILIC ALP

In this section, we perform a collider study to search for a
pseudoscalar with a mass above ~5.5 GeV in the upcoming
Electron-Ion Collider, where the electron and each nucleon
in the ion carry energy E, = 18 GeV and E, = 275 GeV,
respectively [20,21]. As discussed in Sec. II, we are
particularly interested in electrophilic ALPs. Thus, we first
focus on the three-electron final state, e”p — e~ eTe™ ],
where j stands for light-quark jets. However, the ALP can
couple to a photon pair with an electron loop. Although the
effect of adding such an effective coupling is mild, we
explore the three-electron channel in the presence of this
coupling as well. In addition, we study final states containing
photons, such as single-photon channel e”p — e7yj and
diphoton channel, e~ p — e7yyj. We implement the ALP
model discussed in Sec. II A, specifically Eq. (2.1), in
FeynRules [114] and generate the UFO model file to simulate
events for the signal process. The parton-level signal and
background events are generated with MadGraph5_aMC@NLO
[115] in the leading order. The NNPDF2.3L.O PDF set [116]
is used for the proton beam. To account for the detector

|

TABLE 1. The projected detector resolutions applied to the
collider analysis in this work [117]. In case of an electron, we
apply tracking resolutions on the three momentum and calorim-
eter resolutions on the energy. For a photon, calorimeter reso-
lutions are used to smear the four-momentum.

Pseudorapidity (17) range Resolution [%)]

Tracking (Ap/p)

(~1.0, +1.0]

[~2.5.~1.0] and [+1.0, +2.5]
[-3.0,-2.5] and [+2.5,+43.0]
[~3.5.-3.0] and [+3.0, +3.5]

0.03 x p/GeV & 0.5
0.03 x p/GeV @ 1.0
0.06 x p/GeV @ 2.2
0.11 x p/GeV & 4.0

Electromagnetic calorimeter (AE/E)

[+1.3,+3.5] 7.1/\/E/GeV
[-1.7,41.3] 1.6/\/E/GeV & 0.7
[-3.5,-1.7]

1.8/\/E/GeV @ 0.8

effects in the analysis, the tracking and calorimeter energy
resolutions are taken from [117]. They are pseudorapidity,
n-dependent functions as shown in Table I. We consider a
flat identification efficiency of €, ~ 70% for a single photon
[20] in the case of the final states that contain a photon. Note
that identification efficiency is a function of transverse
momentum pr and # and must be handled carefully for
more precise analysis.

The following signal significance formula S is used in
this work [118,119]:

S= \/2[(S+B)10g<1 +%) —S]. (3.1)

The signal yield S and the total background yield B are
calculated from o - € - £, where o is the cross section of the
process, € is the efficiency after collider analysis, and L refers
to the integrated luminosity. In the presence of systematic
uncertainty, o, ,,, the signal significance formula takes the
following form:

o= (SRR S ()]

where og = 64y yy X B.

In the following subsections, we discuss the generation-
level cuts for signal and background processes, kinematic
observables constructed from the final state objects, opti-
mization procedure to reduce backgrounds, and finally the
exclusion limits on the cross section of the signal process and
interaction coupling, for the above-mentioned channels. We
begin the discussion by studying the prospects of the three
electron channel in the context of an electron-ion collider.

|
A. The e"e*e~ channel

This section focuses on the e~ p — e~ e'e™j final state.
The Feynman diagrams of the signal process are shown in
Fig. 1. In the chosen mass range between 5.5 and 100 GeV,
the ALP is dominantly produced on shell as shown in
Fig. 1(b) and has a dominant contribution to the total
production cross section. The background in this channel
comes from the SM production of a final state with three
electrons. We generate this background inclusively,
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FIG. 2. The pseudorapidity distributions are shown for the
signal process with chosen ALP masses of m, =20 GeV and
m, = 100 GeV, along with the background process. The solid
and dotted lines correspond to jet and hardest p; electron,
respectively.

containing all the contributing Feynman diagrams. The
representative Feynman diagrams are shown in Figs. 1(c)
and 1(d). The signal and background events are generated in
MadGraphs  with specific requirements: pr, > 2 GeV,
ln| <3.5, and AR,, > 0.3." As shown with dotted lines
in Fig. 2, the electrons are mainly produced in the central
region. The hadronic activity due to the accompanying jet,
in both the signal and background processes, is in the
forward region, as illustrated with solid colored lines. Thus,
we choose the baseline selection without any requirement
on the jet activity. We would like to mention that this does
not affect the analysis strategy proposed in the following, as
the invariant mass distribution of the two hardest py

|

—0.5 Mee—H\2
o052y

f(mee|N,p,0, Mow» Xhighs Mow nhigh) =Nx Miow

2
e—O.Sagigh Chigh
Mhigh

"The angular distance in the n — ¢ plane between two final

state particles is AR = /(An)? + (A¢)?, where ¢ refers to the
azimuthal angle and pseudorapidity (77) can be written in terms of
polar angle (0) as 7 = —In tan(6/2). The matrix element for
signal production involves pole structures in electron and proton
momentum transfers, ¢, = (p, —k,)? and 1, = (p, — k,)?, re-
spectively. Here, the incoming and outgoing momentum are
referred with “p” and “k,” respectively. We checked explicitly
and applied these generation-level cuts to ensure stability of the
signal generation in MadGraph5 under collinear or soft enhance-
ments.

e_o'Salzow |:alﬂ (

electrons, m,,, remains the same with or without a jet
pseudorapidity requirement. However, far-forward instru-
mentation and forward proton or ion reconstruction may be
feasible at the EIC [120], which might help to achieve better
sensitivity for some specific scenarios. We present a
discussion on vetoing jets in the forward region and their
effect on the signal sensitivity at the end of this section.

We select events with exactly three electrons in the final
state. The electrons are sorted according to the transverse
momentum. We apply the tracking resolutions to the three-
momentum and calorimeter energy resolutions to the
energy of the electrons. This will induce the smearing
effect of the EIC detector on the final state particles. At
EIC, the hadronization objects from the recoiling ion or
proton will be closer to the beam direction, and their four-
momentum cannot be measured. We select the two hardest
pr electrons in the final state and construct their invariant
mass m,,. m,, is used in the analysis to discriminate the
ALP signal from background events. The choice of
selecting the two hardest p; electrons comes from the fact
that they predominantly originate from the decay of ALP in
the chosen range of m,, as shown in Fig. 1(b). Thus, the
kinematic distribution of m,, appears as a peak at each ALP
benchmark mass. However, as the ALP mass increases, the
contribution from the Feynman diagram in Fig. 1(a)
becomes dominant and the variance of the m,, distribution
increases.

We estimate the signal efficiency and background yields
by fitting the m,, distribution of the signal process with a
double-sided Crystal Ball function [121,122]. The double-
sided Crystal Ball function is a combination of a Gaussian
function and a power law function that is used to fit
the core of the distribution and both the low- and high-m,,

regions, respectively. The Crystal Ball function is
defined as
if — ooy <P < Ay,
— —Hiow . —
— Qow — %)} s if % < —Qjow>» (33)

o

Thigh — . Mee—4 ~thigh i Mee=H .
Chigh ahlgh + ):| y if p > ahlgh.

The function consists of a normalization factor N. y and ¢
are the mean value and width of the central Gaussian part of
the Crystal Ball distribution, respectively. The two power
law functions take over the Gaussian function at the ,,, and
Qnigh Points, while n,4,, and ny;g, correspond to the exponents
of the functions, respectively. The simulated distributions
m,, for signal events are shown in Fig. 3 with blue color. The
corresponding Crystal Ball fits are also shown in red for ALP
masses of 20, 40, 60, 80, and 100 GeV. We select the mass
window in the interval [u — o, u + o] to search for each
hypothesis of the ALP mass. The signal efficiency and
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FIG.3. The m,, distribution for the ALP signal and Crystal Ball
fits, in blue and red color, respectively. Fits are shown for signal
events with m, = 20, 40, 60, 80, and 100 GeV. As example,
ayo gey Tefers to an ALP with mass m, = 20 GeV.

background yield for electron-proton collisions at the center-
of-mass energy of /s = 141 GeV and 100 fb=!' of inte-
grated luminosity are shown in Table II

The upper limit on the cross section is calculated using the
following formula: S > N¢p, where N¢p, = 2 is taken for
the 95% confidence interval. As defined earlier in Eq. (3.1),
the signal significance S depends on the signal yield (S) and
background yield (B). Here, the signal yield can be written
as exo(e p— e ete j)y x L. Thus, we obtain the
upper limit on the cross section of signal production,
o(e"p — e"ete )y, by numerically solving Eq. (3.1)
without the systematics and Eq. (3.2) with systematics.
Henceforth, the upper limits on cross sections are denoted

without a suffix, as o(e”p — e"ete™j). The expected
integrated luminosity for electron-ion collisions is taken to
be £ = 100 fb~!. We perform the analysis for each m, and
calculate € and B. They are tabulated in Table II, along with
the signal yield corresponding to g,,, = 0.1. In Fig. 4(a), we
show the derived exclusion limits at 95% CL in the plane of
o(e"p — e"ete” j) and m,. The solid blue line corresponds
to the addition of no systematic uncertainties, while the 1%
and 5% systematic uncertainties are considered for the
dashed and dotted lines, respectively. The exclusion limits
vary in the range of 6.03 and 0.29 fb for an ALP mass of 5.5
and 100 GeV, respectively. The upper limits become weaker
after adding systematic uncertainty of 1% (5%) with cross-
section values of 7.45 fb (23.19 fb) for m, = 5.5 GeV.
However, the effect of adding systematics decreases with
higher ALP masses and becomes negligible around an ALP
mass of 100 GeV. This happens because the background
yield becomes smaller (see Table II) and adding systematics
to the background has negligible effect in the signal
significance formula.

Next, the upper limit on 6(e”p — e~ e"e™j) is translated
into an upper limit on the ALP-electron coupling g,.., as
shown in Fig. 4(b), at v/s = 141 GeV with £ = 100 fb~'.
Couplings that lie above the blue solid line are excluded at
a 95% CL when assuming zero systematic uncertainty. If a
systematic uncertainty of 1% (or 5%) is assumed, the
couplings above the blue dashed (or dotted) line are
similarly ruled out. The upper limit is stronger for an
ALP mass of 5.5 GeV with g,,, < 0.005 and varies between
Jace < (0.008-0.64) in the range m, ~ (10-100) GeV.
Upon adding systematic uncertainty of 1% and 5%, the
sensitivity to coupling decreases to g,.. < (0.009-0.09) and
(0.015-0.1), respectively, for m, ~ (10-70) GeV. Further,
we have scrutinized the effects of showering and hadroni-
zation on the simulated samples. The signal sensitivity

TABLE II. The mean values y and widths ¢ obtained after fitting the ALP reconstructed m,, mass variable with
the Crystal Ball function. To assess the goodness of fit, the y*/d.o.f. values are also provided. The notation 0.00
indicates that the observed variation occurs only at the third decimal place or beyond. After considering the
[4 — 0, u + o] interval for each ALP mass, the signal efficiency e, the signal yields S for g,,, = 0.1, and background
yields B are shown at integrated luminosity of 100 fb~".

Fitted parameters [GeV] Yield at £ = 100 fb~!

m, [GeV] u c y*/d.of. € S (ggee = 0.1) B
55 5.68 +0.02 1.10 +0.03 2.11 0.24 43680 5188
10 10.00 £ 0.00 0.52 +0.00 2.77 0.27 15660 3467
20 19.96 £+ 0.00 0.46 + 0.00 3.61 0.34 3614 1300
30 29.96 + 0.00 0.59 +0.00 2.78 0.38 1110 699
40 39.93 +0.00 0.77 £ 0.00 2.86 0.40 392 404
50 49.92 £+ 0.00 1.00 £ 0.00 1.86 0.43 143 233
60 59.87 +0.01 1.28 +0.01 1.86 0.43 52 121
70 69.75 +0.01 1.80 +0.01 1.19 0.44 18 55
80 79.54 +0.02 2.50 +0.03 1.07 0.40 5 22
90 89.23 +£0.04 3.60 + 0.06 1.03 0.31 1 9
100 98.17 £ 0.06 5.47 +0.08 1.12 0.18 0.1 5
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FIG. 4. Upper limit at 95% CL on (a) signal production cross section ¢(e”p — e~ete™j) and (b) ALP-electron coupling g,.. as a
function of ALP mass m,. The solid blue line corresponds to adding null systematic uncertainty, while dashed and dotted lines include

1% and 5% systematic uncertainties, respectively.

mildly changes with at most ~10% weaker exclusion limit
on g,., without any systematics. This happens primarily
because the signal m,, distribution is smeared after show-
ering and the signal efficiency drops upon choosing a 1o
mass window around the fitted mean value.

Finally, we discuss the consequences of vetoing the
forward jets in this channel. As detailed in Ref. [120], one
of the primary objectives at EIC detector setup is to utilize
“far-forward” and “far-backward” detectors. It will enable
the reconstruction of the forward scattered electron and
tagging and reconstruction of hadronic activity close to
the beam direction. To explore this facet, we generate the
signal and background events with the following gener-
ation-level requirements: pzy, >2 GeV, |y, < 3.5,
AR, > 03, pr;>2GeV, |y;| <3.5, and AR,; > 0.4.

The event selection criteria, final state reconstruction, and
the fitting procedure of the m,, distribution are identical
to the analysis performed above. In Table III, the signal
efficiency, signal yield for g,., = 0.1, and background
yield are tabulated after repeating the fitting analysis for
each ALP benchmark mass. The mean values and width
from the Crystal Ball fit are also shown. As expected, the
background yield decreases after vetoing the forward jets in
the events with [#7;| < 3.5 and reduces by roughly 30% as
compared to previous analysis without any cuts on the
accompanying jet. We further evaluate the exclusion limits
at 95% CL and illustrate them in Fig. 5 on the (a) signal
production cross section 6(e”p — e~ete™j) and (b) Guee
coupling, as a function of m,. The solid and dashed purple-
colored lines correspond to exclusion limits without and

TABLE III. The mean values ¢ and widths o obtained after fitting the ALP reconstructed m,, mass variable with
the Crystal Ball function. To assess the goodness of fit, the y*/d.o.f. values are also provided. The notation 0.00
indicates that the observed variation occurs only at the third decimal place or beyond. After considering the
[4 — 0, u + o] interval for each ALP mass, the signal efficiency e, the signal yields S for g,,, = 0.1, and background
yields B are shown at integrated luminosity of 100 fb~!, in the e~p — e~e*e~j channel with jet requirements.

Fitted parameters [GeV]

Yield at £ = 100 fb~!

m, [GeV] u c y*/d.of. € S (ggee = 0.1) B
55 5.554+0.02 0.61 +0.06 291 0.16 28408 2155
10 9.99 4+ 0.00 0.50 £+ 0.00 3.43 0.26 14942 2491
20 19.96 £+ 0.00 0.45 +0.00 445 0.32 3459 904
30 29.95 +0.00 0.57 +0.00 3.32 0.36 1075 459
40 39.94 +0.00 0.77 + 0.00 2.85 0.40 391 272
50 49.92 £+ 0.00 0.99 + 0.00 2.84 0.42 141 159
60 59.86 +0.00 1.33 +0.01 1.90 0.44 52 38
70 69.75 £ 0.01 1.78 £ 0.01 1.70 0.43 17 40
80 79.55 +£0.01 2.534+0.02 1.29 0.40 5 16
90 89.22 +0.03 3.60 +0.04 1.05 0.31 1 7.3
100 98.47 +0.04 5.26 +0.05 0.99 0.19 0.1 4.1
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The 95% CL upper limits on the (a) signal production cross section 6(e¢~p — e~ e e~ j) and (b) ALP-electron coupling g,,, as

a function of ALP mass m,. Solid lines correspond to adding null systematic uncertainty, while dotted lines include 5% systematic
uncertainty. The slightly stronger limit after jet-veto requirements in the forward region is shown with a purple-colored line and
compared with previous results without any jet requirements in blue.

with 5% systematic uncertainty, respectively. The upper
limits in blue are taken from the previous analysis without
any jet requirements. In comparison, the exclusion limits
without any systematics improve by roughly 10% for the
signal production cross section and by ~6% for the ALP-
electron coupling, after vetoing the forward jets. Thereby,
the forward and backward detectors may improve the
possible extraction of potential new physics at the EIC.

1. The e~ e* e~ channel with loop-induced g,,,

The goal of the present section is to understand the effects
of including the ALP-photon coupling through the electron
loop, in the e~e™ e~ channel. Here, we repeat the analysis
performed in the previous Sec. III A by including the g,
coupling in the signal production. In addition to the Feynman
diagrams in Fig. 1, the signal process also includes the
Feynman diagrams presented in Fig. 6. To generate the signal
process in MadGraphs, we implement Egs. (2.1) and (2.3) in
FeynRules and obtain the corresponding UFO model file. The
same model file is used in the following sections for final
states containing a photon.

The events are selected if they contain three electrons in
the final state. The four-momentum of electrons is smeared
with the projected detector resolutions of the EIC detector.
After that, we reconstruct the invariant mass of the two
hardest p; electrons m,,. To estimate the signal and
background events, the m,, distribution for each ALP mass
is fitted with a double-sided Crystal Ball function. In Fig. 7,
the simulated signal samples are shown in blue, while the
corresponding Crystal Ball fits are shown with red lines for a
few ALP masses of m, = 20, 40, 60, 80, and 100 GeV.
After repeating the analysis for each ALP mass, we obtain
the fitted mass window u + ¢ of the Gaussian core dis-
tribution. They are tabulated in Table IV, along with signal
efficiency, background yield, and signal yield for a chosen
Jaee = 0.1 at the integrated luminosity of £ = 100 fb~!. We
observe that the change in signal efficiency and background
yield is almost negligible compared to the previous analysis
of three electron channels without the g,,, coupling. This is
expected from the fact that the m,, distribution for each ALP
mass has a negligible change after adding the loop-generated
ALP-photon interaction in the electrophilic ALP model.

FIG. 6. Feynman diagrams for the signal process in the e”p — e“e'e™j final state are shown in (a) and (b), which include the
ALP-photon coupling g,,,, while (c) illustrates the decay of the ALP into a photon pair via an electron loop.
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FIG.7. The m,, distribution for the ALP signal and Crystal Ball
fits, in blue and red color, respectively. Fits are shown for signal
events with m, = 20, 40, 60, 80, and 100 GeV. As example,
ayo gey Tefers to an ALP with mass m, = 20 GeV.

We show the results in Fig. 8(a) as exclusion limits
at 95% CL on the signal production cross section,
o(e”p — e"ete ), as afunction of m,. The limit is weaker
at low ALP mass and gets stronger as the ALP mass increases,
varying between 6.07 and 0.29 fb for m, = 5.5 and 100 GeV,
respectively. Adding 1% (5%) systematic uncertainty, the
upper limits weaken to 7.51 (23.46) and 0.36 tb (0.38 fb) for
an ALP mass of 5.5 and 70 GeV, respectively. The translated
upper limit on the ALP-electron coupling as a function of the
ALP mass is illustrated in Fig. 8(b). The upper limit varies in
the range g,.. < (0.006-0.64) for m, ~ (5.5-100) GeV. As
1s evident, these results are similar to the ones obtained in the
e~ete™j channel in the absence of the Jayy coupling.

B. The e~ yy channel

Having introduced the loop-generated ALP-photon
interaction, the ALP can be searched in diphoton final
state as well. In this section, we discuss the reach of the
e~ p — e yyj final state for electron-proton collisions at the
center-of-mass energy of /s = 141 GeV with 100 fb~! of
integrated luminosity. The representative Feynman dia-
grams of the signal process are illustrated in Fig. 9 that
include resonant [Figs. 9(a) and 9(c)] and nonresonant
[Fig. 9(b)] ALP production. We simulate the signal process
e~ p — e"yyj in MadGraph5. As is obvious, the production
rate drops significantly compared to the e~e™e™ final state
(see Sec. III A) with tree-level ALP-electron interaction.
The background in this channel arises from the electroweak
processes, where the final state photons come from initial
and final state radiation. We include all the Feynman
diagrams corresponding to the hard process and generate
the background inclusively. Both signal and background
samples are simulated with specific requirements at the
parton level: pr,,/,; > 2 GeV, |n,;,| < 3.5,[n;] < 5.0,and
AR,, ; > 0.4, where AR, ; . represents the AR separation
between all combinations of a, b, and c.

Events are selected if they contain exactly two photons
and one electron in the final state. To apply the detector
effects at the EIC, we smear the photon four-momentum
with the calorimeter resolutions as summarized in Table I.
Next, we reconstruct the invariant mass of the two photons,
m,,. The m,, distribution for each signal process has a
narrow peak around the chosen ALP masses as
[y /m, < 1. We use this variable to reduce the back-
ground events in this channel. This is done by fitting the
m,, distribution for each ALP signal with a double-sided
Crystal Ball function. As before, the function is given by

TABLE IV. The mean values x and widths ¢ obtained after fitting the ALP reconstructed m,, mass variable with
the Crystal Ball function, along with the signal efficiency e. To assess the goodness of fit, the y?/d.o.f. values are
also provided. The notation +0.00 indicates that the observed variation occurs only at the third decimal place or
beyond. The signal yields S for g,., = 0.1 and background yields B are also shown at integrated luminosity of

100 fb~!, for the simulated MC samples.

Fitted parameters [GeV]

Yield at £ = 100 fb~!

m, [GeV] u c y%/d.of. € S (ggee = 0.1) B
5.5 5.69 +0.02 1.11 +£0.03 1.64 0.24 43200 5250
10 9.99 £+ 0.00 0.52 +0.00 2.36 0.27 15660 3469
20 19.96 £+ 0.00 0.46 £+ 0.00 3.82 0.34 3740 1300
30 29.95 £+ 0.00 0.59 £+ 0.00 2.23 0.37 1110 700
40 39.93 £ 0.00 0.75 £ 0.00 291 0.40 400 393
50 49.92 £ 0.00 0.99 £ 0.00 1.69 0.42 147 230
60 59.88 +0.01 1.30 +0.01 1.72 0.44 52 123
70 69.74 £ 0.01 1.83 +£0.01 1.32 0.44 18 56
80 79.57 +£0.02 2.48 £0.03 1.02 0.39 5 22
90 89.17 £0.04 3.54 £ 0.06 0.98 0.30 1.1 9
100 98.31 +£0.05 5.07 +0.09 1.11 0.17 0.1 5
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FIG. 8. Upper limit at 95% CL on (a) the signal production cross section 6(e~p — e~e'e™j) including ALP-y interaction and (b) the
ALP-electron coupling g,.. as a function of ALP mass m,. The solid blue line corresponds to adding null systematic uncertainty, while
dashed and dotted lines include 1% and 5% systematic uncertainties, respectively.

FIG.9. The Feynman diagrams for the signal process leading to the e~ p — e~ yy final state are as follows: diagrams (a) and (b) involve
both the ALP-electron and ALP-photon couplings, while diagram (c) depends only on the ALP-photon coupling. In diagram (b),
the photon may originate from the electron leg or from the quark leg; here, we show one diagram for illustrative purposes. In contrast, the

electrophilic ALP emission in diagram (a) can occur only from the electron leg.
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In Fig. 10, we show the m,, distribution for signal
processes in blue and the corresponding Crystal Ball fits
with a solid red line for ALP masses from 20 to 100 GeV, in
steps of 20 GeV. A mass window is chosen to search for
each ALP mass that varies in the range (¢ — o, 4 + o] and is
tabulated in Table V. In addition, we provide the estimated
signal efficiency and background yield at /s = 141 GeV
and £ = 100 fb~!, along with the signal yield for each
ALP mass corresponding to g,,, = 1.0.

In Fig. 11, we present the 95% CL exclusion limits on
the production cross section of the e”p — e yyj process.
The upper limits are between 19.33 and 0.47 fb for an ALP
mass of 5.5 and 100 GeV, respectively. Adding systematic

e—OASaﬁ)W [alow (

. m,,—p
if — oy <2 < Ayighs

m,,—u —Mow e My, —l
— Qow — z ):| s if = < —Qjow>
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Mhigh My —f\ | “Thigh .o MLy —p )
high Qhigh + B ):| , if o > Qhigh-

uncertainties 1% (5%), the limits weaken in the mass range
of 5.5and 70 GeV, with o(e™p — e7yyj) < 29.66 (116.86)
and 0.70 (0.73) fb, respectively. We translate the cross-
section exclusions into the g,,, coupling plane as a function
of the ALP mass. These upper limits are extremely weaker
than the e”p — e~ ete™j channel, and we do not show
them in this paper.

C. The ey channel

This section focuses on the single-photon production, viz.
e~ p — e~yj channel. In Fig. 12(a), the Feynman diagram of
the signal process is shown. We generate this process in
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FIG. 10. The m,, distribution for the ALP signal and Crystal
Ball fits, in blue and red color, respectively. Fits are shown for
signal events with m, = 20, 40, 60, 80, and 100 GeV. For
example, a,y gey refers to an ALP with mass m, = 20 GeV.

MadGraph using the UFO model file discussed in Sec. 11T A,
including the g,,, coupling. The background processes in
this channel include single-photon emission from the elec-
tron or quark leg, as shown in Figs. 12(b) and 12(c). We
simulate the signal and background events with the follow-
ing requirements. The transverse momentum and pseudor-
apidity of the final state particles must be pr,,,/; > 2 GeV
and |n,,,| < 3.5, ;| < 5.0, respectively. The angular sep-
aration in the # — ¢ plane between any two final state
particles must satisfy AR, , ; > 0.4. These requirements are
tabulated in Table VI.

The events are selected if they contain exactly one
electron and one photon in the final state. Next, we perform

a cut-based analysis to improve the signal sensitivity and
reduce background events. For this purpose, we choose
three kinematic observables constructed from the final
state electron and photon: the transverse momentum of
the electron pr, and photon p7,, AR separation between
the electron and photon, AR,,. The schematic kinematic
distributions of these observables are shown in Fig. 13. The
colored distributions correspond to ALP signals with mass
m, = 10, 20, 40, 60, 80, and 100 GeV, while the back-
ground distribution is shown in black. We observe that the
transverse momentum of the electron and photon is softer
in the case of the background process and falls in the higher
pr region for the ALP signal. In the case of the AR
distribution, the electron and photon are almost back to back
in the 7 — ¢ plane for the ALP signal. Note that the source
of the final state photon in background events is from initial
state or final state radiation. Thus, we observe a peak at low
AR,, when the photon is radiated off the electron, while
excess events at higher AR, correspond to cases where the
photon is emitted from the quark. The strategy here is to
optimize the cuts on these kinematic observables and
increase the signal significance [see Eq. (3.1)]. We perform
the optimization analysis for an ALP mass of 5.5 GeV, then
from 10 to 100 GeV in steps of 10 GeV. The optimized
cuts for each ALP mass are summarized in Table VI.
Furthermore, we tabulate the signal efficiency, signal yield
for g,.. = 1.0, and background yield at £ = 100 fb~! in
Table VII. We include a photon identification efficiency of
70% in the signal efficiency.

After the cut-based analysis, we derive the upper limits at
95% CL on the production cross section of the e™p — e7yj
process. The limits are shown as a function of the ALP mass
in Fig. 14. For m, between 5.5 and 100 GeV, we obtain
ole p > eyj) <4566 fb and <10.81 fb, respectively,

TABLE V. The fitted x4 and o after fitting the m,, distribution with the Crystal Ball function. To assess the
goodness of fit, the y?/d.o.f. values are also provided. The notation £0.00 indicates that the observed variation
occurs only at the third decimal place or beyond. The signal efficiency e is multiplied by the identification efficiency
of 70% for each photon. The signal yields S for g,,, = 1.0 and background yields B are also shown in the last two

columns for £ = 100 fb~!.

Fitted parameters [GeV]

Yield at £ = 100 fb~!

m, [GeV] u c y*/d.of. € S x 107 (gue. = 1.0) B
5.5 5.61 +0.01 0.75 £ 0.02 2.10 0.12 528 13369
10 10.01 £ 0.00 0.47 £ 0.00 2.16 0.19 120 5583
20 19.97 £ 0.00 0.47 £ 0.00 248 0.20 8 1598
30 29.97 +0.00 0.59 £ 0.00 2.23 0.20 1 815
40 39.96 + 0.00 0.76 & 0.00 2.72 0.20 0.2 437
50 49.94 £ 0.00 0.97 £ 0.00 1.89 0.19 0.06 201
60 59.92 4 0.00 1.27 £0.01 1.21 0.19 0.02 87
70 69.85 +0.01 1.56 +0.01 1.30 0.18 4 %1073 34
80 79.75 £ 0.01 1.96 4 0.02 1.10 0.15 1 x 1073 11
90 89.53 4 0.02 2.44 +0.03 0.95 0.10 2x 107 3
100 99.23 £ 0.04 2.94 +0.07 1.21 0.05 4 %1073 0.8
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FIG. 11. Upper limit at 95% CL on the signal production cross
pp gnal p

section 6(e”p — e~yyj) as a function of ALP mass m,. The solid
blue line corresponds to adding null systematic uncertainty, while
dashed and dotted lines include 1% and 5% systematic uncer-
tainties, respectively.

with null systematic uncertainty. Adding systematic uncer-
tainty, the limits become weaker because the signal-to-
background ratio S/B is poor in this channel, and they are
shown with dashed (dotted) lines for 1% (5%) systematics in
Fig. 14. Furthermore, we calculate the translated upper limits
at 95% CL on the g, coupling as a function of mass.
Similar to the previous e~ p — e~ yyj channel, these exclu-
sion limits are feeble than the e~ p — e~ ete™j channel.

IV. COLLIDER ANALYSIS OF LEPTOPHILIC Z’

We now focus on the leptophilic Z’ scenario where Z'’
has a coupling to electrons alone (see Sec. II B). The final
state of interest here is the three-electron channel e”p —
e~ete™ . The signal process involves Z’ production, either
off shell or on shell, and the corresponding Feynman
diagrams are shown in Fig. 15. The Z' mass is chosen
to vary between 5.5 and 100 GeV. The background to this
channel comes from three-electron production from SM
processes, and we generate the background events inclu-
sively by considering all the contributing Feynman dia-
grams at LO. We generate signal and background events in

¢
(a)

FIG. 12.

(b)

MadGraph5 with the following requirements: py, > 2 GeV,
l7.] < 3.5, and AR,, > 0.3.

We select events that contain exactly three electrons in the
final state with pr > 2 GeV, |5| < 3.5. The four-momentum
of the electrons is smeared with the 77-dependent functions, as
summarized in Table I. We adopt a similar strategy for the
cut-based analysis, as previously discussed for the ALP
signal, and reconstruct the invariant mass of the two hardest
pr electrons, denoted as m,,. The m,, distribution shows a
peak for the signal events at a chosen Z’ mass. However, the
variance of the peak increases for a higher Z' mass. Next, we
fit the signal distribution m,, with a double-sided Crystal
Ball function [see Eq. (3.3)]. In Fig. 16, the simulated signal
samples for mz = 20, 40, 60, 80, and 100 GeV and the fitted
Crystal Ball function are shown with blue dots and a solid
red line, respectively. The mean x4 and variance o of the
fitted distribution are summarized in Table VIII for each
Z' mass. The u + 1o region is chosen to calculate the final
signal and background events after the analysis. The corre-
sponding signal efficiency, signal yield for a chosen
g7 = 0.1, and background yields at the integrated luminos-
ity of £ = 100 fb~! are tabulated in Table VIIL

Next, we evaluate the exclusion limits at 95% CL in the
signal production cross section and show it in Fig. 17(a),
as a function of my. The upper limit at 95% CL in
ole"p - e"ete™j) is between 546 and 0.61 fb for
mz = 5.5 and 100 GeV, respectively. Upon adding system-
atic uncertainty 1% (5%), as shown by dashed (dotted) lines,
the limits become weaker for the Z' mass between 5.5 and
70 GeV with 6.38 (17.70) and 0.36 fb (0.37 fb), respectively.
The effects of adding systematics are mild for heavier Z’ as
the background yield B becomes comparatively smaller and
the contribution from systematics becomes negligible in the
signal significance formula. In Fig. 17(b), we illustrate the
translated upper limits at 95% CL on the Z'-electron
coupling g, with respect to my. The upper limits are in
the range g, < (0.0026-0.60) for my ~ (5.5-100) GeV
without systematics. The limits weaken between my ~
(5.5-70) GeV with g, between <0.0028 (0.0047) and
0.057 (0.058) with 1% (5%) systematics. So far, we
discussed about a Z' that couples to e only. However, in

q q q q q q
\’yg ’7
Y v/Z v/Z
a v
e e e e e

(c)

(a) The Feynman diagram of the hard process for signal production is shown, along with (b) and (c) initial and final state

photon radiation for the background production, in the e~ p — eyj channel.
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TABLE VI
imposed on the cut-based analysis.

The generation-level cuts for the signal and background generation, along with optimized cuts

Cuts applied

Generation cuts

Optimized cuts for m, = [5.5, 10, 20, 30,40, 50, 60, 70, 80, 90, 100] GeV

PT.e/y/j > 2 GeV,
Mesy] < 3.5, In;] < 5.0
AR,,; > 04 AR

ey.j ey =

Pre>12,3,6,10,15,17,19,22,22,22,26] GeV
pry = [15,17,20,21,24,25,27,28,28,29,29] GeV
[1.0,1.2,1.4,2.0,1.8,2.3,2.5,2.6,2.6,2.6,2.7]

a realistic anomaly-free models, Z’ can couple to other
fermions as well, apart from e. For completeness, we also
discuss two of such leptophilic models, L, — L, and L, — L,
in the Appendix.

V. INTERPRETATION OF THE RESULTS

In this section, we compare our derived exclusion limits
with the existing constraints in the ALP parameter space
defined by the (m,, ¢,..) plane and Z' parameter space
defined by the (m,, g;) plane.
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In Fig. 18, we show the constraints in the ALP parameter
space. The solid red line corresponds to our derived 95% CL
upper limit on g,, from the three-electron channel,
e"p — e ete j, without any systematics. The translated
upper limit in g,,,, is stringent in the low mass region where
the e~e™ e~ j production cross section is higher; conversely,
the bounds become weaker at higher masses as the pro-
duction rate diminishes—see Fig. 4(a). The blue shaded
region is excluded by the BABAR experiment [84]. From
LHC experiments, the ATLAS Collaboration places a strict
bound on the g,,, interaction in the considered ALP mass
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electron and photon in the final state AR,,. The background is shown with a black line, while colored lines correspond to ALP
benchmark masses.
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TABLE VII. The signal efficiency e, signal yield S, and back-
ground yield B at £ = 100 fb~! are shown after the cut-based
analysis. Here, € includes a flat 70% single-photon identification
efficiency.

After the cut-based analysis
Yield at £ = 100 fb~!

m, [GeV] € S x 107 (g0, = 1.0) B
5.5 0.20 4000 208192
10 0.19 266 118843
20 0.18 8 52754
30 0.19 1 34940
40 0.15 0.15 16685
50 0.15 0.04 12494
60 0.13 0.01 7810
70 0.12 4 %1073 5629
80 0.13 2% 1073 5629
90 0.12 7 x 107 4650
100 0.12 3x10™ 3825

region [44]. We translate this constraint into the m, — g,
plane using Eq. (2.4) and show it with a dashed olive-shaded
region in Fig. 18. Alongside experimental bounds, there are
bounds from the perturbative unitarity of the ALP model.

This is around ~+/87/3 [123] and is shown with a shaded
gray region. Note that our derived limits are significantly
stronger than the existing constraints for m, = 10 GeV.
Previous work exploring ALP with electron coupling in the
GeV region has considered coupling to tau as well [35],
making purely electrophilic ALP elusive. Thus, our work
presents a unique way to probe this unexplored region of
purely electrophilic ALP.

Finally, in Fig. 19, we compare our exclusion limits for
the electrophilic Z' scenario with the existing constraints

| v5=141 GeV 95% CL upper limit
I £=100 fb~1 —— 0% systematics
é‘ 103 e === 1% systematics
: ----- 5% systematics
=
|
Q
T 102}
IQ
Q
©
10! E
E i — |
10t 102
m, [GeV]

FIG. 14. Upper limit at 95% CL on the signal production cross
section ¢(e”p — e7yj) as a function of the ALP mass m,. The
solid blue line corresponds to adding null systematic uncertainty,
while dashed and dotted lines include 1% and 5% systematic
uncertainties, respectively.

q q
—_———
q q
V/Z3 e~
+ e_
o
¢— < — fy/Z Zl
VA €+
e~ e~ e e et
(a) (b)
FIG. 15. The Feynman diagrams for the signal process in the

e"p — eTe et j channel are as follows: in diagram (a), a Z’
boson appears as a propagator, whereas in diagram (b), the Z’ is
produced on shell for the selected Z’' mass range.

from the LEP data [124-126], e*e™ collision experiment
BABAR [84], and neutrino experiment IceCube [127].
We refer to Refs. [92,128] for a detailed discussion on
these constraints. In the low mass region below ~10 GeV,
the constraints are coming from dark photon search in
the ete™ - yA' > y(ete /utu™) final state with the
BABAR detector. In the intermediate mass range with
mz ~ (10-80) GeV, the constraints include results from
the IceCube experiment, where the behavior of nonstandard
neutrino interactions (NSI) in matter propagation is probed.
In the heavier Z’ mass range, the most stringent constraint
comes from monophoton searches by the DELPHI
Collaboration at the LEP experiment and ete™ — ete™
searches at LEP2. Our derived exclusion limit at 95% CL
on gz is shown with the solid red line, considering null
systematic uncertainty. The limit becomes less constrained
with a higher Z' mass as the production rate for the e~ p —
e~ ete™j process drops, as illustrated in Fig. 17(a). Our
limits provide a stronger bound than the existing constraints

6000
e p—eetej(Z) Simulation
—— Crystal Ball Fit
220 Gev
(%3]
£ 4000 - Z'40 Gev
)
-
(9]
=] Z'60 Gev
e
< 2000
2’80 Gev
“ } 2’100 Ge
I I

0 |
0 10 20 30 40 50 60 70 80 90 100 110
Mee [GeV]

FIG. 16. The m,, distribution for the Z’ signal and Crystal Ball
fits, in blue and red color, respectively. Fits are shown for signal
events with m, = 20, 40, 60, 80, and 100 GeV. For example,
7 Gev refers to Z' with mass my = 20 GeV.
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TABLE VIII. The mean values x4 and widths ¢ obtained after fitting the Z’ reconstructed m,, mass variable with
the Crystal Ball function, along with the signal efficiency e. To assess the goodness of fit, the y?/d.o.f. values are
also provided. The notation 40.00 indicates that the observed variation occurs only at the third decimal place or
beyond. The signal yields S for g,» = 0.1 and the background yields B are also shown at an integrated luminosity of

PHYS. REV. D 114, 015002 (2026)

100 fb~'.
Fitted parameters [GeV] Yield at £ = 100 fb~!

my [GeV] U c y%/d.of. € S (g7 =0.1) B
5.5 5.66 + 0.04 1.05 +0.04 4.58 0.22 162800 3573
10 9.98 £+ 0.00 0.42 +0.00 2.71 0.20 42000 2030
20 19.95 +0.00 0.37 +£0.00 3.85 0.28 9240 759
30 29.94 +0.00 0.47 +£0.00 3.39 0.33 2970 404
40 39.93 +0.00 0.60 £ 0.00 2.19 0.36 1080 228
50 49.90 4+ 0.00 0.80 £ 0.00 2.56 0.38 342 136
60 59.85 +0.00 1.14 +£0.01 1.57 0.39 117 78
70 69.80 + 0.01 1.51 £ 0.01 1.68 0.34 34 33
80 79.62 +0.02 2.35 4+ 0.03 1.03 0.29 9 15
90 89.32 £ 0.04 3.46 £ 0.07 1.09 0.18 2 7
100 99.89 +0.17 420 £0.35 1.11 0.06 0.1 2

for Z' mass between 10 and 30 GeV, as highlighted with
a dashed rectangle in Fig. 19. As mentioned earlier, in
realistic UV complete models Z’ can couple to other SM
fermions apart from e. In such a scenario, the correspond-
ing branching ratio of Z’ changes, which may change the
final projection limit on the coupling. For completeness,
we also discuss two such example models, L, — L, and
L, —L,, in the Appendix and present the future projected
limit from EIC on such models. There also exist more
exotic leptophilic U(1)y models like U(1)g, 3, where the
Z' couples to e and the third generation of quark. Such a
model can also be tested in EIC following our methodol-
ogy. Thus, our analysis serves as a pathway for probing
various electrophilic Z" models in EIC.

Before concluding, we briefly comment on the impact of
polarized incoming beams on signal sensitivity at the EIC.

102 ¢
— F V5=141 GeV 95% CL upper limit
L - £=100 fb~? —— 0% systematics
: Lo === 1% systematics
o otk T 5% systematics
Q E
+
Q
|
(]
T 100
Q F
|
)
b -
1071 |

. <
mz [GEV]

(a)

FIG. 17.

The EIC is expected to provide polarized electron and
proton beams. In the present analysis, we assume unpolar-
ized beams. For the benchmark scenarios considered in this
work, we do not expect longitudinal electron beam polari-
zation to lead to a substantial improvement in the inclusive
cut-and-count sensitivity. The dominant signal and back-
ground topologies in the trielectron channel proceed through
t-channel y/Z exchange, with the photon-mediated contri-
bution being largely vectorlike. Since the photon couples
equally to left- and right-handed electrons, a choice of
electron beam polarization does not significantly suppress
the dominant QED background. Moreover, the electrophilic
7' benchmark considered here has a purely vector coupling,
eyteZ!,, so that the leading signal rate is also approximately
insensitive to the initial electron helicity after summing
over final state spins. Similarly, for the pseudoscalar ALP

10! £
F vs=141 GeV 95% CL upper limit
I £=100fb! 0% systematics
I === 1% systematics
100 e 5% systematics
X L
) 1071 E
1072 |
|

I | !
10! 102

mz [GeV]
(b)

Upper limit at 95% CL on (a) the signal production cross section 6(e™p — e~ete™j) and (b) the Z'-electron coupling g, as a

function of Z’ mass m . The solid blue line corresponds to adding null systematic uncertainty, while dashed and dotted lines include 1%

and 5% systematic uncertainties, respectively.
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1073

B
m, [GeV]

FIG. 18. Projected constraint from e-p collider at 95% CL on
the ALP-electron coupling ¢,.. as a function of ALP mass m,
using the e~ p — e“eTe™j channel shown by the region above
the red solid line. Other existing constraints like perturbative
limit [123] and BABAR [84] are also shown. The constraint
coming from ATLAS [44] through the loop-induced g,,, cou-
pling is also shown.

Electrophilic Z’

Mono-y (LEP)

__________________

1072

gz
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FIG. 19. Projected constraint from e-p collider at 95% CL on
the Z'-electron coupling g, as a function of Z' mass my using the
e~ p — e~ e e j channel shown by the region above the red solid
line. Other existing constraints like BABAR [84] and LEP
[124,125] are also displayed. Note that the IceCube constraint
depends on the v, NSI [127].

coupling considered here, the inclusive rate is not expected
to receive a large polarization-induced enhancement in the
present counting analysis. Beam polarization could, how-
ever, be useful in a more general extension of the present
framework with chiral or axial-vector Z' couplings, where

left- and right-handed electron beams would probe different
coupling combinations. Such a polarization-dependent
study lies beyond the scope of the present work.

VI. CONCLUSION

In this work, we studied the potential reach of the
proposed e-p collider in exploring the GeV-scale electro-
philic BSM sector. Although it has less center-of-mass
energy compared to the LHC, the e-p collider benefits
from less QCD background contamination, leading to a
cleaner signature of the signal events. As an example, we
have considered two BSM scenarios: electrophilic ALP
and electrophilic Z’. We briefly discuss the theoretical
EFT framework in Sec. II to realize such BSM scenarios.
Although the sub-GeV region of such BSM particles has
been explored extensively [84], the GeV to sub-TeV
region of electrophilic ALP and Z’' has not been inves-
tigated yet in the literature, which is the main goal of
this work.

We performed the collider analysis for two scenarios:
Kinematic features, background discrimination strategy,
and estimation of the exclusion limits are presented in
Sec. III for the ALP and in Sec. IV for the Z' boson. In case
of the electrophilic ALP scenario, we studied the following
three possible final states e~e*e™j, e"yyj, and e~y j, where
the last two channels can arise via the interaction of the
ALP photon with an electron loop. We adopt the projected
detector resolutions for the EIC collider in our analysis.
For the collider analysis in the e"e'e™j channel, the main
strategy is to reconstruct the invariant mass of the two
hardest-p7 electrons, giving rise to a resonance peak
around the chosen ALP mass in the m,, distribution.
However, the variance of the mass distribution worsens
with a higher ALP mass as nonresonant ALP production
dominates. We calculate the final signal efficiency and
background yield at £ = 100 fb~! by fitting the m,,
distribution with a Crystal Ball function and choosing a
1o mass region around the fitted mean value for each ALP
benchmark mass. The upper limits at 95% CL are set on the
e~ et e j production cross section (e~ p — e"eTe”j) that
varies between 6.03 and 0.29 fb for ALP masses between
5.5 and 100 GeV, without systematics. The limits weaken
to 7.45 (23.19) and 0.35 (0.38) b for an ALP mass between
5.5 and 70 GeV, with 1% (5%) systematics. After trans-
lating these cross-section limits to ALP-electron coupling,
we obtain the upper bound at 95% CL on g,,, between
0.005 and 0.64 for the ALP mass between 5.5 and 100 GeV.
The limits on g,, weaken for low ALP masses when
systematic uncertainties are added. Since forward object
reconstruction could be viable at the EIC, we explicitly
check the signal sensitivity by vetoing the forward jet
configurations. We observe stronger exclusion limits with
~10% improvement on the signal production cross section
and ~6% on the g,,.,, without any systematics, indicating
that signal sensitivity might benefit from tagging or vetoing
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options on the forward objects at the EIC. We also study
the e"ete™j channel with additional loop-induced ALP-
photon coupling. However, our analysis shows that the
changes in the final exclusion limits are negligible.

A similar strategy is adopted to perform the collider
analysis in the e” p — e~yyj channel. The invariant mass of
the two final state photons is reconstructed to obtain
resonance peaks in the m,, distribution. After that, we fit
the m,, distribution with a Crystal Ball function and get
the signal efficiency and background yield by selecting the
region (4 — o, u + o) from the fitted signal distribution. The
exclusion limits at 95% CL on the production cross section
of the e~ yyj process vary in the range (19.33-0.47) fb for
the ALP mass range between 5.5 and 100 GeV, but, when
translating to upper limits on g,,,, we obtain poor sensitivity
to the ALP signal compared to the e~eTe™j channel.
Finally, in the case of the e”yj channel, in the ALP
scenario, we performed an optimized cut-based analysis.
The requirements for the three kinematic observables, pr .,
pry, and AR, , are optimized to increase the signal
significance and obtain the final signal efficiency and
background yield for each ALP mass. This yielded an
upper limit at 95% CL on the e~y production cross section
with o(e”p — e7yj) < (45.66-8.45) b for ALP masses
between 5.5 and 100 GeV. Similar to the diphoton final
state, we get weaker sensitivity to g,,, upon translating the
cross-section exclusion limits. Thus, in the ALP scenario,
the most stringent constraint on the ALP-electron coupling
comes from the three-electron channel e"p — e"e™e™j.

In case of the electrophilic Z’ scenario, we performed a
collider analysis on the e"e*e™j final state. We followed a
similar strategy to that for the three-electron channel in the
ALP scenario. The invariant mass m,, is constructed from the
hardest-pr electrons in the final state and fitted with a Crystal
Ball function. The signal significance and background yields
are obtained by selecting the +1o region around the fitted
mean value u. The upper limit at 95% CL on o(e”p —
e"ete™j) varies between 546 and 0.36 fb with null
systematics, 6.38 (17.70) and 0.36 (0.37) fb with systematics
1% (5%), for Z' masses between 5.5 and 70 GeV. In the same
mass range, translating these limits into Z’-electron coupling,
we obtain g, < (0.26-5.6) x 1072 with null systematics,
(0.28-5.7) x 1072, and (0.47-5.8) x 1072 with systematics
1% and 5%, respectively.

Finally, we present the possible projection from the e-p
collider in Sec. V. For both electrophilic ALP and Z', we
show the future projection at 95% CL. For comparison, we
also list the other possible existing constraints in this
scenario. For ALP, we find that our projected limit is the
strongest for 10 GeV <m, < 100 GeV. For an electro-
philic Z’ we find that our projected limit is competitive with
existing limits and even the strongest in the mass regime
10 GeV < m!, <30 GeV. Thus, we present a unique study
of how the future e-p collider can help the community
explore the purely electrophilic ALP and Z' gauge boson.

Our analysis can be generalized to a wide class of BSM
scenarios. We note that the experimental data from such
facilities may provide opportunities to investigate these
scenarios in future studies.

ACKNOWLEDGMENTS

The work of A. A. is funded by the Indian Association
for the Cultivation of Science, Kolkata. S.J. is supported
by the National Natural Science Foundation of China
(12425506, 12375101, 12090060, and 12090064) and the
SJTU Double First Class start-up fund (WF220442604).
S.J. also acknowledges the financial support provided by
the Indian Association for the Cultivation of Science,
Kolkata, where part of the work was done.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX: ELECTROPHILIC Z' IN UV
COMPLETE MODELS

Similar to the previous Sec. II B, we consider a Z’ in
L,—L;and L, — L, model with the following interaction:

L,—L,: Ly D —gzy(ey'e+vytv, —Ty't —vy'v,)Z,,
(A1)

L,—L,: Lin D —gz(erte + v, y'v, — fiy'u —v,y'v,)Z,.
(A2)

Incorporating these interactions for respective models, we
perform the same analysis as mentioned in Sec. IV and
obtain the limit on the respective coupling. We present the
limits for L, — L, (magenta) and L, — L,, (green) in Fig. 20.

100 ¢
F v5=141 GeV  95% CL upper limit
' £=100 fb~! —— Electrophilic
I — Le —LT
1071 | fe _Lu
N
(o)}
1072 E
— 0% systematics
.. 5% systematics
10—3 Lol ! ! [ R R R |
10! 102
mz [GeV]

FIG. 20. The 95% CL upper limits on g, as a function of Z'
mass my. Solid lines correspond to adding null systematic
uncertainty, while dotted lines include 5% systematic uncertainty.
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Projected constraint from e-p collider at 95% CL on the Z’-electron coupling g, as a function of Z’' mass m, shown by the

region above the red solid line in the L, — L, model (left) and L, — L, model (right). Other existing constraints like BABAR [84],
LEP [124,125], and ATLAS [129] are also displayed. Note that the IceCube constraint depends on the v, NSI [127].

The solid lines in the same plot correspond to adding null
systematic uncertainty, while dotted lines include 5% sys-
tematic uncertainty. In the same figure, we also include
previously obtained limits for purely electrophilic Z’. Note
that, in the presence of additional decay channels of Z’,
the BR to electron decreases, leading to a slightly weaker
upper limit on the cross section for these models compared to
the purely electrophilic case. Indeed, the same effect has
been reflected in the corresponding coupling limit (Fig. 20)
as the signal process scales as « g7

Finally, in Fig. 21, we compare our exclusion limits for
the Z' realized in L, — L, and L, — L, models with the
existing constraints from the LEP data [124-126], e*e™
collision experiment BABAR [84], and neutrino experiment

IceCube [127]. Despite the stringent constraints, the pro-
jection obtained with our methodology can probe the
region 10 GeV < my, <30 GeV for the L, — L, model.
A similar coupling strength can be probed for the L, — L,
model also. However, for muonphilic Z’, ATLAS [129] in
LHC provides the strongest constraint looking at the 4u
final state, utilising the higher c.m. energy of LHC. Our
projected limit becomes competitive with it in the mass
range my ~ 15 GeV despite the low c.m. energy and can
become stronger with higher luminosity. Thus, EIC can
shed light on the previously unexplored region of parameter
space for these leptophilic models. In the future, it will be
interesting to look for other Z’' models, e.g., B; —3L,,
at EIC.
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