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Abstract In this work, we explore the possibilities of pro-
ducing Axion-Like Particles (ALPs) in a future e− p col-
lider. Specifically, we focus on the proposed Large Hadron
electron collider (LHeC), which can achieve a center-of-
mass energy of

√
s ≈ 1.3 TeV, enabling us to probe rela-

tively high ALP masses with ma � 300 GeV. The produc-
tion of ALPs can occur through various channels, including
W+W−, γ γ , Z Z , and Zγ -fusion within the collider envi-
ronment. To investigate this, we conduct a comprehensive
analysis that involves estimating the production cross sec-
tion and constraining the limits on the associated couplings
of ALPs, namely gWW , gγ γ , gZ Z , and gZγ . To achieve this,
we utilize a multiple-bin χ2 analysis on sensitive differential
distributions. Through the analysis of these distributions, we
determine upper bounds on the associated couplings within
the mass range of 5 GeV ≤ ma ≤ 300 GeV. The obtained
upper bounds are of the order of O(10−1) for gγ γ (gWW ,
gZ Z , gZγ ) in ma ∈ [5, 200 (300)] GeV considering an inte-
grated luminosity of 1 ab−1. Furthermore, we compare the
results of our study with those obtained from other available
experiments. We emphasize the limits obtained through our
analysis and showcase the potential of the LHeC in probing
the properties of ALPs.

1 Introduction

Axion-like particles (ALP) are Standard Model (SM) sin-
glet pseudo-scalar Nambu-Goldstone bosons originally pro-
posed to solve the strong CP problem [1–4]. Their interac-
tion with the SM particles arises from an explicit breaking
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of an approximate Global Peccei-Quinn U (1)PQ symme-
try with couplings considered as free parameters (see for
example [5,6]). Subsequently, ALPs made their appearance
in beyond the SM (BSM) vi z. composite models [7,8], Grand
Unification models [9–11], extra-dimension models [12,13],
super- symmetric models [14], string theories [15] etc. The
axion mass and the new physics scale associated with the
new physics varied over the vast range of ALP mass (sub eV
to TeV) with the scale varying from electroweak to TeV and
beyond. Light ALPs with masses less than eV to MeV range
can modify the Cosmic Microwave Background (CMB), big
Bang Nucleosynthesis (BBN), cooling and evolution of stars.
Their coupling to SM particles within this mass range is
severally constrained from astrophysical and cosmological
observations [16–23]. Heavier ALPs in the MeV to TeV mass
range though, unimportant from the astrophysical and cos-
mological considerations, have been the subject matter of
recent studies in the context of particle physics and as dark
matter portals connecting the dark-matter with the visible
matter [24,25] and have been employed to explain leptonic
g − 2 anomaly with some success [26,27]. The mass and
interaction of these particles with the visible matter have
been explored at the high energy colliders like LEP, Tevatron,
Belle-II and at the CERN Large Hadron Collider (LHC) (see
for example [5,28–35]). Unlike these colliders, the future
e+e− colliders like ILC [36], FCC-ee [37,38], CEPC [39–
41], the high energy muon collider [42] and the electron-
hadron collider (LHeC) using the LHC protons on the elec-
tron beam [43,44] are designed to have high luminosity, and
they provide cleaner experimental environment to go beyond
the LHC’s precision ability and are eminently suited to deter-
mine the ALP properties. Constraints on a large range of
ALP parameter space were established from LHC and the
future e+e− collider experiments [36,45–52] through the
photon fusion production to obtain the sensitivities on the
ALP γ γ coupling for the ALP mass in the 1 to ∼ 600 GeV
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range. The possibility of detecting ALP production through
electro-weak massive vector-boson fusion (VBF) processes
was recently investigated in the future muon collider for ma

O(TeV) and beyond to study the WW , Z Z , Zγ and γ γ cou-
pling constraints [53].

In this work, we investigate the possibility of detecting
ALPs production via VBF processes at future Large Hadron-
electron Collider (LHeC) e− p colliders, focusing on pro-
ducing constraints on possible couplings parameters, gγ γ ,
gWW , gZγ and gZ Z [54,55]. We base our study on LHeC
environment, which employs the 7 TeV proton beam of the
LHC and electrons from an Energy Recovery Linac (ERL)
being developed for the LHeC. The choice of an ERL energy
of Ee = 60(120) GeV with an available proton energy
Ep = 7 TeV would provide a centre of mass energy of√
s ≈ 1.3(1.8) TeV at the LHeC [43,44,56].
This article is organised in following sections: in Sect. 2

model with effective Lagrangian and analysis framework
is explained, a preliminary estimation of ALP production
as a function of ma , coupling(s) and LHeC energies are
explored in Sect. 3, and results using different observable(s)
are explained in Sect. 4. The comparison(s) of ours findings
with existing results are discussed in Sect. 5 and a summary
with discussions are followed in Sect. 6.

2 Model and framework

The interactions of ALPs with gauge bosons and SM
fermions occurs via the dimension five operators, with their
masses considered independently of their respective coupling
strengths [29]. Hence the effective interactions between the
ALPs and the electroweak gauge bosons are represented by
the effective Lagrangian [30,31,57]:

Leff = 1

2
(∂μa)(∂μa) − 1

2
m2

aa
2 + g2CWW

a

fa
W A

μνW̃
μνA

+ g′2CBB
a

fa
Bμν B̃

μν, (1)

where Xμν represents the field strength tensor for the SU (2)L
or U (1)Y , X̃μν = 1

2εμναβXαβ with ε0123 = 1 and X ∈
{B,W }. The ALP field and mass are represented by a and
ma , respectively. After electroweak symmetry breaking we
can write the interactions between the ALP and the elec-
troweak gauge bosons (W±, Z , γ ) in terms of dimension-less
couplings gγ γ , gWW , gZγ and gZ Z respectively as:

Leff ⊃ e2 a

fa
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μν + 2e2

cwsw

a

fa
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μν

+ e2

c2
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2
w

a

fa
gZ Z Zμν Z̃

μν + e2

s2
w

a

fa
gWWWμνW̃

μν. (2)

Fig. 1 The branching ratios for the decay modes of a massive ALP,
a → W+W−, γ γ , Z Z and Zγ as a function of its mass ma by keeping
the couplings gi j = 1 and the scale parameter fa = 1 TeV

In terms of Ci j (i, j ≡ γ, Z ,W ), the couplings gi j are given
by

gγ γ = CWW + CBB,

gZγ = c2
wCWW − s2

wCBB,

gZ Z = c4
wCWW + s4

wCBB,

gWW = CWW .

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (3)

where cw and sw are the cosine and sine of the Weinberg
mixing angle θw, respectively. For all studies in this work the
scale parameter is fixed to fa = 1 TeV.

Using the interactions defined in Eq. (2), the relevant decay
widths of ALP are given by

Γ (a → W+W−) ≡ ΓWW

= e4

8π f 2
a s
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) 3
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Γ (a → Zγ ) ≡ ΓZγ

= e4
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Z
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)3

, (7)

where mW and mZ represent the masses of the W± and Z
bosons, respectively. As Γi j is a function of corresponding
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Fig. 2 Leading order representative Feynman diagrams at matrix-
element level for single ALP production in (a) CC through W±-fusion
[WW] and NC through (b) γ γ , (c) Z Z [ZZ], and (d) Zγ -fusion [Zγ ] pro-

cesses in deep inelastic electron-proton collisions. A particular decay
of a → γ γ is considered in this study. Here, q, q ′ ≡ u, ū, d, d̄, c, c̄,
s, s̄, or b, b̄

coupling and masses of ALP, in this study we take variable
decay width to find the limits of gi j as a function of ma .
In Fig. 1, the branching ratios for the decay modes a →
W+W−, γ γ , Z Z , and Zγ are plotted as a function of the
mass of the ALP, ma , assuming gi j = 1.

Further, we define following formula to find local signifi-
cance and discovery limits for a given number of signal (S)
and background (B) events at a particular luminosity L , con-
sidering the total statistical and systematic uncertainties δs
as

NSD = S
√
S + B + (δs · S)2 + (δs · B)2

, (8)

where in terms of corresponding cross section of signal
σ(gi j ) and background σSM, S = σ(gi j )·L and B = σSM ·L ,
respectively.

Also to constrain the ALP−gauge coupling gi j , we use
a χ2-analysis both at total cross-section and most sensi-
tive differential-distribution level, where the χ2 definition
is given by

χ2 =
n∑

k=1

(
Nk(gi j ) − NSM

k

ΔNk

)2

. (9)

In this case, Nk(gi j ) represents number events for signal in
kth bin of a distribution of total n bins while NSM

k is the
corresponding background and ΔNk is defined as:

ΔNk =
√

NSM
k

(
1 + δ2

s N
SM
k

)
. (10)

For our results we consider δs = 5% for a given luminosity
L , and L = 1 ab−1.

3 ALP production in e− p collider

As mentioned in Sect. 1, we are interested to probe ALP-
gauge couplings by direct production of ALP through VBF

processes in e− p collider. In such an environment, using
the interactions defined in Sect. 2 the direct production of
ALP can occur in charged-current (CC) mode through W -
boson fusion as shown in Fig. 2a [WW], and in neutral-current
(NC) mode through γ γ (Fig. 2b), Z Z (Fig. 2c [ZZ]) and Zγ -
fusion (Fig. 2d [Zγ ]), where in particular we have considered
the decay of ALP, a → γ γ (so we keep gγ γ = 1 in all
channels), for a given ma . For all results, the branching ratio
of ALP decay to di-photon Ba→γ γ is taken as function of
ma , considering two cases: Case (I), where the corresponding
channel’s coupling is set to 1 and others to 0; and Case (II),
where all couplings gi j are uniformly set to 1 as depicted
in Fig. 1. Here, we also note that the Zγ -channel cannot be
separated from the γ γ -channel and hence gγ γ �= 0; though
for Case (I) we can choose gZ Z = 0.1 Therefore, the notation
Zγ will refer to the effect of considering the channels shown
in Fig. 2b, d (and Fig. 2c in Case (II)), and their interference.

To explore the goals of this study, we first build a
model file for the interactions defined in Eq. (2) using
the package FeynRules [58]. For the generation of
events, we use the Monte Carlo event generator pack-
age MadGraph5_aMC@NLO[59]. Further showering, frag-
mentation and hadronization are done with a customized
Pythia-PGS [60], and the detector level simulation per-
formed with reasonably chosen parameters using Delphes
[61] and jets were clustered using FastJet [62] with the
anti-kT algorithm [63] using the distance parameter, R = 0.4
as explained in Ref. [64]. The factorization and normalization
scales are set to be dynamic scales for both signal and poten-
tial backgrounds. For this study, e− polarization is assumed
to be −80%. The initial requirements on transverse momen-
tum (pT ) and rapidity (η) of jets, leptons and photons are

nominal: p j,e−,γ

T > 10 GeV, |η j,e−,γ | < 5 and no cuts on
missing energy.

With these setups the estimated cross-section of ALP pro-
duction through (a) CC process: e− p → νea j , and (b) NC

1 Important to mention: for ma > mZ , Ba→γ γ < 1 as a → Zγ

channel opens up (Fig. 1); and deviations will become apparent in any
observable for Case (I) vs Case (II).
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Fig. 3 The production cross section of ALP production in CC and NC
where a → γ γ as a function of (a) ALP-mass ma , and (b) electron-
energy Ee for fixed energy of proton Ep = 7 TeV. Note that the Zγ -
channel can not be separated from γ γ -channel for Case (I) and hence

here Zγ represents total cross section considering the channels shown
in Fig. 2b, d and their interference. However, in Case (II), contributions
from the ZZ-channel are also included. Solid (dashed) lines represent
Case (I) (Case (II))

process: e− p → e−aj with further decay of a → γ γ in
the mass range of 5 ≤ ma ≤ 300 GeV is shown in Fig. 3a
for a benchmark electron’s energy Ee = 60 GeV and proton
energy Ep = 7 TeV at LHeC. Also for a fixed ma = 50 GeV,
cross-section as a function of 60 ≤ Ee ≤ 300 GeV is shown
in Fig. 3b. Note that for the WW , γ γ and Z Z -fusion the cor-
responding coupling value is taken as gkk = 1 (k = W, γ, Z )
keeping others 0, while for Zγ -fusion gZγ = gγ γ = 1 keep-
ing gWW = 0 = gZ Z as stated in Case (I) (solid lines). For
Case (II) (dashed lines), cross sections for WW, γ γ and ZZ
channels keep decreasing for ma > mZ , while for Zγ its
overall higher than Case (I) due to ZZ contributions. Since
ma < mZ in the case of Fig. 3b, Case (II) has no effect.

In next Sect. 4, we will focus on background generation
and analysis procedures to estimate the bounds on the cou-
plings gi j using the methods described in Sect. 2. We will
construct observables that are sensitive to the presence of
these couplings and use them to establish the limits.

4 Analysis, observable and results

To generate backgrounds, we adopt similar setups as described
earlier. This includes specifying the center-of-mass energy,
beam polarization, and luminosity, as well as considering
the relevant physics processes with “di-photon + jets” final
state in CC, NC and photo-production modes and their corre-
sponding cross sections. For Ee = 60 GeV and Ep = 7 TeV,
the estimated total cross-section of background (signal) is
approximately less than 6 fb (shown in Fig. 3a as a func-

Fig. 4 The projected 5σ sensitivities for gi j/ fa by using the formula
in Eq. (8), on optimised events (see text for details). Solid (dashed) lines
represent Case (I) (Case (II))

tion of ma). To optimise the signal events over the leading
backgrounds additional cuts on leading and sub-leading jets,
photons and leptons are applied depending on channels in
this study:

– for all channels: p j,e−,γ

T > 20 GeV,
– WW: 0 < ηγ < 3, 0 < η j < 4,
– γ γ : −2 < ηγ < 3, −2 < η j < 5, −2.5 < ηe− < 2,
– ZZ: 0 < ηγ < 3, 0 < η j < 5, 0 < ηe− < 5, and
– Zγ : 0 < ηγ < 3, 0 < η j < 5, −2.5 < ηe− < 1,
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Fig. 5 Representative normalized differential distributions for Case (I)
with 80% left polarized e− beam for (a)WW: ΔΦγ1 j - the azimuthal angle
between the two planes of the final state leading-pT photon (γ1) and
forward jet with respect to the beam direction, and the scattered angle

θe with respect to beam direction for the final state tagged e− for (b)
γ γ , (c) ZZ, (d) Zγ channels, where five benchmarks ma signal events
are shown with respect to the dominant background using Ep = 7 TeV
and Ee = 60 GeV with selection cuts explained in texts

in addition with invariant di-photon mass, mγ γ , cuts as a
function of corresponding signal of ma in the window of
∼ ±5 GeV. This cut significantly reduces the backgrounds
in comparison to signal events. By having these optimized
events we then estimate the significance and evaluate the pro-
jected sensitivities by using the formula in Eq. (8). In Fig. 4
we show the discovery limit on the coupling gi j/ fa as a func-
tion of ma by fixing NSD = 5. These limits are direct reflec-
tion of cross-section (and branching ratio) dependence onma

as shown in Fig. 3 (Fig. 1).
Though we need to find a mechanism through which these

limits must improve, and for that we studied various possi-
ble observables by considering the differential distributions
and combinations of tagged final state e−, photons, and jets
for the signal as well backgrounds. In Fig. 5 we show most

sensitive normalized differential distributions (for Case (I)
only as representative), where for WW channel, ΔΦγ1 j , the
azimuthal angle between the two planes of the final state
leading-pT photon and forward jet with respect to the beam
direction is shown in Fig. 5a. However, the scattered angle
θe with respect to beam direction for the final state tagged
e− is most sensitive for γ γ , ZZ and Zγ channels shown in
Fig. 5b–d, respectively. It is interesting to note that the signal
events in case of γ γ (ZZ)-channel lies towards higher (lower)
θe due to pure QED (V -A) structure of photon-fermion (Z -
fermion) couplings, though its mixed in case of Zγ channel.
And the shape of backgrounds are due to the selection of dif-
ferent η-regions. So furthermore we perform a χ2-analysis
at both cross section (one-bin) and differential distribution
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Fig. 6 The 95% C.L. contours are shown in the gii/ fa − ma plane with the observable based on χ2-analysis for (a) one-bin and (b) multiple-bin
with integrated luminosity of L = 1 ab−1. Solid (dashed) lines represent Case (I) (Case (II))

Fig. 7 The 95% C.L. contours are shown in the gZγ / fa − gγ γ / fa plane for selective ma in (a) Case (I) and (b) Case (II) considering gZ Z = 0.1;
with the observable based on multiple-bins χ2-analysis as explained in text with integrated luminosity of L = 1 ab−1

(multiple-bin) levels2 and apply Eq. (9) on these observable
to estimate the sensitivities of gi j/ fa as a function of ma .

2 A one-bin χ2 analysis refers to the calculation of χ2 for the total cross
section, where the entire distribution is considered as a single bin. This
approach combines all the observed and expected values across all bins
and calculates the χ2 based on the overall distribution. In a multiple-
bin χ2 analysis, the observed data are divided into different bins based
on the values of the kinematic observable. The expected theoretical
distribution (SM background) is also divided into the corresponding
bins. The χ2 value is then calculated for each bin by comparing the
observed and expected values, taking into account the uncertainties or
errors in the observed data. The individual χ2 values for each bin are
typically summed to obtain the total χ2 value for the analysis. Therefore
a multiple-bin χ2 analysis captures the differential information present

Note that the general structure of the σ(gi j ) is given as

σ(gii ) = g2
i iσi i × Ba→γ γ ;

σ(gZγ ) =
(
g2
γ γ σγ γ + g2

Z ZσZ Z + g2
Zγ σZγ + gγ γ gZ Zσ

(1)
inf.

+ gZ Z gZγ σ
(2)
inf. + gγ γ gZγ σ

(3)
inf.

)
× Ba→γ γ . (11)

Footnote 2 continued
in each bin separately, providing more detailed insights into the dis-
tribution across different kinematic regions. In contrast, a one-bin χ2

analysis provides an overall measure of the goodness-of-fit but does not
account for the variations or discrepancies within individual bins.
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For Case (I), gZ Z = 0 and Eq. (11) provides the justification
for the Mexican-hat shape of the χ2 distribution, where the
minimum value is χ2

min. = 0. In the case of a one-parameter
analysis of gii/ fa vs ma , we set χ2 ≡ Δχ2 = 4.0 to corre-
spond to the 95% confidence level (C.L.). In Fig. 6a and b,
we present the sensitivities of gii/ fa vs ma using the one-
bin and multiple-bin χ2 analyses, respectively. From Fig. 6a,
it is evident that the limits on gii/ fa perform significantly
better compared to those obtained using Eq. (8) (as shown
in Fig. 4). However, the multiple-bin analysis on differential
distributions, as shown in Fig. 6b, outperforms the one-bin
analysis (Fig. 6a) specifically for the WW and γ γ channels.
This indicates that considering multiple bins in the analysis
provides improved sensitivity in constraining the values of
gii/ fa vsma for these specific channels. The results presented
in Fig. 6a and b demonstrate the enhanced performance of the
multiple-bin analysis approach, emphasizing its superiority
in capturing the sensitivity to gii/ fa vs ma compared to the
one-bin analysis, particularly for the WW and γ γ channels.

Since the multiple-bin analysis performs better in these
three scenario, in Fig. 7a, the limits for the Zγ channel in the
gγ γ / fa−gZγ / fa plane vs ma are shown for five selected val-
ues of ma for χ2 ≡ Δχ2 = 6.18 (as of two-parameter anal-
ysis for 95% C.L.) using this approach only. It is observed
that the shape of the limits is asymmetric with respect to
gγ γ = gZγ ≈ 0, where the limits also blow up. This asym-
metry can be attributed to the presence of negative and pos-
itive interference effects. According to Eq. (11), the region
around gγ γ = gZγ ≈ 0 can be understood. In this region,
all values of gZγ can satisfy the χ2 criterion below the 2σ

standard deviation when gγ γ tends to zero. However, we
have excluded the region near gγ γ = 0 in order to fulfill the
minimum requirement of an ALP signal for the study. The
observed spikes in the contour is due to the negative contribu-
tion from interference, which leads to infinite values for both
couplings. The presence of four spikes can be attributed to the
even powers of the couplings in the cross-section Eq. (11).
When the value of gγ γ is non-zero, these spikes disappear,
and the contour takes on a circular shape due to the negligible
contribution from interference.

In Fig. 7b, limits on the gγ γ / fa − gZγ / fa plane vs ma are
presented for Case (II). To achieve a 95% C.L. corresponding
to Δχ2 = 6.18, we establish a benchmark point by setting
gZ Z = 0.1. This choice is made because, for gZ Z = 1, corre-
sponding values of Δχ2 exceed 6.18. Significant deviations
at the mass points for ma corresponding to the Zγ , W+W−,
and Z Z resonances are readily apparent.

5 Comparison of gi j (ma) to existing bounds

In Fig. 8, a comparison of coupling limits is presented in the∣
∣gi j

∣
∣ / fa−ma plane at the 95% confidence level (C.L.), along

with constraints from various experiments and theory predic-
tions. It is important to note that a given measurement can
depend on multiple ALP couplings. Representing the cor-
responding bound in the 2D (

∣
∣gi j

∣
∣ / fa , ma) plane requires

making theoretical assumptions, which can vary significantly
from constraint to constraint. These differences should be
considered for a proper comparison. In Fig. 8, the bounds
derived in the present work (shown as the brown line) rep-
resent the 95% C.L. limits. They are derived assuming full
decay of the ALP to di-photons. In order to compare the lim-
its on Zγ -channel, given in Fig. 7a (Fig. 7b) as a correlation
between gZγ and gγ γ (and gZ Z ) due to the interference, we
show a standalone comparison of constraints on gZγ with
previous studies keeping gγ γ = 0.1 (and gZ Z = 0.1) for
Case (I) (Case (II)).

The limits on gγ γ and gZγ at higher ALP masses are
obtained from collider studies, where the ALP decays res-
onantly either to hadrons or to photon pairs. The relevant
process are from e+e− → γ + hadrons, studied by the L3
experiment [65] and the leading bounds from photon pair pro-
duction at the Large Hadron Collider (LHC) in proton-proton
collisions [45,66] (labeled as “LHC” for measurements from
ATLAS and CMS), as well as from light-by-light scattering
γ γ → γ γ measured in lead-lead (Pb-Pb) collisions [67,68]
(labeled as “Light-by-light (LHC)”). The measurement of
the total Z decay width at LEP provides constraints up to
ma � mZ [29,69].

For ALP masses above 100 GeV, the dominant bounds
come from resonant triboson searches [69]. Additionally,
nonresonant searches in diboson production via gluon fusion
at the LHC (labeled as “Nonresonant ggF”) provide con-
straints on all four ALP interactions. Each nonresonant bound
is extracted from a specific process gg → a∗ → V1V2

(V = γ, Z ,W±). The constraint on gγ γ is derived in Ref.
[51], those on gWW and gγ Z in Ref. [70], and the constraint
on gZ Z in Ref. [71].

The bound obtained from the Z width measurement at
LEP does not require additional assumptions. The bounds
from nonresonant ggF, which include nonresonant gg →
a∗ → V1V2 processes, scale with the inverse of the axion-
gluon coupling (ggg) and are completely lifted when the ALP
coupling to gluons CGG → 0. In the figure, they are normal-
ized to ggg = 1 (for details see Ref. [72]).

Bounds labeled as “γ + had” and LHC (various) assume
gluon dominance, i.e., ggg 
 gV1V2 , and in this limit, they
are largely independent of CGG (see Ref. [5]). Among these,
bounds on gγ γ labeled as “LHC” additionally assume negli-
gible branching fractions to fermions and heavy electroweak
bosons in the mass region where they are kinematically
allowed. The limit from light-by-light scattering, shown in
red, assumes Ba→γ γ = 1, which corresponds to vanishing
couplings to gluons and light fermions. The triboson con-
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Fig. 8 The 95% C.L. contours in the
∣
∣gi j

∣
∣ / fa − ma plane are shown

for the limits obtained from multiple-bin χ2-analysis with an integrated
luminosity of L = 1 ab−1. Corresponding available limits from LHC,
γ+hadron, Z width at LEP, and ALP-SMEFT are also shown for com-
parison (see text for details). Our constraints given in Fig. 7a (Fig. 7b)

for gZγ are correlated with gγ γ (and gZ Z ) due to the interference. For
standalone comparison of constraints on gZγ with previous studies, we
keep gγ γ = 0.1 (and gZ Z = 0.1); where brown solid (dashed) line
represents Case (I) (Case (II))

straints on gWW and gZγ make use of the photophobic ALP
scenario [69].

A recent study has utilized ALP-SMEFT interference to
establish limits on various ALP couplings [35]. These bounds
exhibit particular effectiveness in the ALP mass range where
constraints from flavor and astrophysics searches tend to
weaken. We have applied these bounds to our specific cases
using Eq. (3) and compared the resulting limits in Fig. 8.

Limits on the effective ALP-photon coupling have been
derived from exotic Higgs and Z decay searches at the LHC

in [30,31], and the probed parameter space is found to be in
agreement with the results presented in this work.

Overall the limits found in this work performs better sensi-
tivity for all three ALP couplings, namely, gWW , gZ Z and gZγ

comparing to available studies in different collider scenario,
whereby, the limits on gγ γ are competitive with respect to
few cases. In ALP-SMEFT bounds, the performance of gZγ

is relatively poor.
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6 Summary and discussions

In this article, we investigated the potential for the production
of relatively high-mass Axion-Like Particles (ALPs) in an
electron-proton (e− p) environment. Specifically, we focused
on the proposed energy of the Large Hadron-electron Col-
lider (LHeC) with a center-of-mass energy of

√
s ≈ 1.3 TeV

and an integrated luminosity of L = 1 ab−1. Although
exploring high masses beyond 300 GeV is less likely due
to the limited cross section achievable with the available
energy and luminosity, we examined the limits on coupling
measurements as prediction for such masses based on our
analysis procedure. These limits serve as approximate pre-
dictions that can be investigated further if the electron energy
(Ee) is increased to higher values.

In Fig. 8 we provide a comprehensive overview of the cou-
pling limits in the

∣
∣gi j

∣
∣ / fa − ma plane, taking into account

various experimental and theoretical constraints, and high-
lights the strengths and limitations of each measurement in
constraining ALP couplings. To analyze and capture the dif-
ferential information in the distribution of kinematic observ-
ables, a multiple-bin χ2 analysis is preferable in contrast
to one-bin, where we observed the limits performance are
better. Also the limits on gWW , gZ Z and gZγ comparing to
available studies in different collider scenario are better at
LHeC for considered range of ma , whereby, the limits on
gγ γ are competitive with respect to few scenario.

By studying the possibilities of ALP production in the e− p
environment at the LHeC, we contribute to the understand-
ing of ALP physics and provide insights into the potential
for probing relatively higher masses and coupling strengths
in future experiments. While numerous studies on probing
ALPs have been conducted, this article stands among the
first to explore the potential of a proposed future e− p col-
lider, specifically at the suggested energy levels of the LHeC.
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49. S.C. İnan, A.V. Kisselev, Chin. Phys. C 45(4), 043109 (2021).
arXiv:2007.01693 [hep-ph]

50. D. Buttazzo, D. Redigolo, F. Sala, A. Tesi, JHEP 11, 144 (2018).
arXiv:1807.04743 [hep-ph]

51. M.B. Gavela, J.M. No, V. Sanz, J.F. de Trocóniz, Phys. Rev. Lett.
124(5), 051802 (2020). arXiv:1905.12953 [hep-ph]
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