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Abstract: The Electron-Ion Collider (EIC), a forthcoming powerful high-luminosity facility,

represents an exciting opportunity to explore new physics. In this article, we study the potential

of the EIC to probe the coupling between axion-like particles (ALPs) and photons in coherent

scattering. The ALPs can be produced via photon fusion and decay back to two photons inside the

EIC detector. In a prompt-decay search, we find that the EIC can set the most stringent bound

for ma . 20GeV and probe the e↵ective scales ⇤ . 105GeV. In a displaced-vertex search, which

requires adopting an EM calorimeter technology that provides directionality, the EIC could probe

ALPs with ma . 1GeV at e↵ective scales ⇤ . 107GeV. Combining the two search strategies,

the EIC can probe a significant portion of unexplored parameter space in the 0.2 < ma < 20GeV

mass range.ar
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1 Introduction

The Electron-Ion Collider (EIC) [1, 2] at Brookhaven National Laboratory, which will be the

first high-intensity lepton-ion collider of its kind, is expected to start taking data during the next

decade. It will collide high-energy electrons with protons or ions, with maximal electron and ion

energies of up to 18GeV and 275GeV per nucleon, respectively. Depending on the running mode,

the integrated luminosity could reach ⇠ 100 fb�1 for electron-ion collisions. In addition to its rich

Standard Model (SM) program, which focuses on nuclear and hadronic physics, the EIC has the

potential to explore new physics beyond the SM (BSM), e.g. [3–14].

One well-motivated BSM scenario is the QCD axion and more generally axion-like parti-

cles (ALPs). The QCD axion was originally introduced as part of the Peccei-Quinn mechanism,

a proposed solution to the strong CP problem [15–18], while ALPs appear generically in many

frameworks e.g. string theory [19–21]. These ALPs can serve as portals to dark sectors [22–28],

and if light enough, as viable dark matter candidates themselves [29–31].
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In this work, we study the potential of the EIC to probe ALPs with a photon coupling

in the sub-GeV to O(20)GeV mass range. We focus on the coherent production of ALPs (i.e.

in which the ion stays intact) due to several reasons. First, the coherent production based on

electromagnetic processes has a Z2-enhanced cross section, where Z is the atomic number of the

ion. Second, as opposed to fixed target experiments in which the coherent cross section decouples

above the GeV scale, see e.g. [32], the boosted ion allows coherent production of ALPs with

masses up to O(20)GeV. Lastly, the requirement for coherent events significantly reduces the

amount of background events.

In the region of parameter space where the ALP decays promptly to two photons close to

the interaction point, we find that the EIC has the potential to uniquely probe unexplored ALP

parameter space below masses of 20GeV and e↵ective scales of ⇤ ⇠ 105GeV. In addition,

we consider the possibility of displaced ALP decays inside the detector. Assuming the EIC

detector has su�cient diphoton-vertex resolution, we find that it can potentially probe additional

unexplored regions of parameter space in the sub-GeV mass range, with sensitivity which is

comparable to other proposals.

There are numerous experimental bounds on sub-GeV ALPs from various terrestrial searches,

such as beam dumps and kaon experiments [33–43], B-factories [44], photon beams [32, 45–48],

LEP [49–54] and the LHC [55–65]. A related type of search for ALPs using ultra-relativistic ions,

based on ultra-peripheral heavy-ion collisions at the LHC [66, 67], was recently performed by

CMS [68] and ATLAS [69]. While the coherent production in these searches is Z4-enhanced and

recovering both ions intact ensures low background rates, the integrated luminosity for heavy

ion collision at the LHC is expected to be much smaller than the electron-ion luminosity at the

EIC. Finally, there are also several proposed experiments and searches aimed at probing the ALP

parameter space in the future [70–73].

The rest of this paper is organized as follows. In Section 2, we provide a brief description

of the EIC detector. In Section 3, we discuss the production of ALPs at the EIC through

coherent scattering. After providing the details of our prompt search and displaced-vertex search

strategies, we present the corresponding projected sensitivities in the ALP parameter space.

Finally, we present our conclusions and outlook in Section 4. Technical details are provided in

Appendices A. In addition, the EIC sensitivity to dark photons is briefly discussed in Appendix B.

2 The Electron-Ion Collider

The EIC detector [74] is being built by the ePIC collaboration based on a reference design

developed by the ECCE consortium [75] and the ATHENA collaboration [76]. It will be located

in the IP6 location at the Relativistic Heavy Ion Collider (RHIC) [77] in Brookhaven National

Laboratory, which currently hosts the STAR experiment [78]. The experiment consists of a central

detector, far-forward spectrometer, and far-backward spectrometer. The forward region is defined

as the ion beam direction, while the backward region refers to the electron beam direction.

The EIC central detector has a cylindrical geometry and is equipped with a solenoid which

produces a 1.7T magnetic field, and is divided into three sectors covering di↵erent ⌘ ranges: (i) the

barrel (pseudorapidity coverage �1.7 < ⌘ < +1.3), (ii) the forward endcap (+1.3 < ⌘ < +3.5),

and (iii) the backward endcap (�3.5 < ⌘ < �1.7). Each of the sectors is equipped with detectors
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Calorimeter Pseudorapidity acceptance Projected energy resolution (�E/E) [%]

FEMC [+1.3 , +3.5] 7.1/
p
E/GeV

BEMC [�1.7 , +1.3] 1.6/
p
E/GeV� 0.7

EEMC [�3.5 , �1.7] 1.8/
p
E/GeV� 0.8

Table 1: The acceptances and projected calorimeter resolutions used in the simulation study.

These are based on information provided in Table 6 of Ref. [75] and Ref. [79]. The resolutions

used in this study represent the typical behavior of the calorimeters, obtained by averaging the

best and worst scenarios reported in Ref. [79].

for particle identification and calorimetry to tag final state particles, see [75] for more details. In

this work we focus on a diphoton final state, making the electromagnetic calorimeters the most

critical components for our search. The acceptance and design parameters for the barrel, forward,

and electron-end-cap electromagnetic calorimeters (BEMC, FEMC, and EEMC, respectively) are

taken from [79] and are summarized in Table 1. The lab frame beam energies considered in this

work are1

Ee = 18GeV and EPb = 20TeV , (2.1)

or equivalently ⇠ 100GeV per nucleon. We consider two benchmark EIC integrated luminosities

of L = 10 fb�1 and L = 100 fb�1.

3 ALPs at the EIC

3.1 Coherent production

We start by discussing the coherent production of ALPs at the EIC. We focus on massive ALPs,

denoted by a, which interact predominantly with photons,2

La = �
1

2
m2

aa
2
�

a

4⇤
Fµ⌫F̃µ⌫ , (3.1)

where F̃µ⌫ ⌘ (1/2)✏µ⌫⇢�F ⇢�. We assume ⇤ � ma due to the pseudo-Goldstone nature of the

ALP. The ALP is mainly produced via the 2-to-3 process,

e�(ke) +N(kN ) ! e�(pe) +N(pN ) + a(pa) , (3.2)

where N denotes the ion. The leading contribution to Eq. (3.2) comes from photon fusion, see

the left panel of Fig. 1.

The di↵erential cross section of e�N ! e�Na naively depends on five independent kinemat-

ical variables, as well as on the (fixed) center-of-mass energy. However, due to the rotational

1We assume the beams are unpolarized since polarization does not play a significant role in the ALP production.
2The investigation of interactions with other SM fields, such as gluons and fermions, is left for future work.
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Figure 1: Left panel: Feynman diagram of photon fusion production of an ALP at the EIC.

Right panel: various cross sections as a function of the final state diphoton mass. The solid

curves show the cross sections of both the signal (⇤ = 1TeV) and backgrounds after applying

all the cuts discussed in Section 3.2. The inclusive ALP production cross section is plotted in

dashed (dotted) black for ⇤ = 1TeV using the full 2 ! 3 (EPA) calculation. For the backgrounds

� ⇡ 4�m��d�/dm�� is plotted, where �m�� is the invariant mass resolution, which is given in

Table 2.

symmetry of the initial state around the beam axis, one azimuthal angle dependence in the fi-

nal state can be removed, making its integration trivial. Therefore, we define the following four

Lorentz invariant variables:

s ⌘ (ke + kN )2 , te ⌘ (ke � pe)
2 , tN ⌘ (kN � pN )2 , m2

aN ⌘ (pa + pN )2 , (3.3)

and the angle

cos ✓ ⌘
(~kN ⇥ ~pN ) · (~ke ⇥ ~pe)

|~kN ⇥ ~pN ||~ke ⇥ ~pe|
, (3.4)

where ✓ is defined in the rest frame of the outgoing a +N system. It can be understood as the

angle between the planes spanned by {~kN , ~pN} and by {~ke, ~pe}. From the above definitions, we

identify te as the electron-transferred momentum and tN as the ion-transferred momentum. The

di↵erential cross section is

d�2!3
a

dtedtNdm2

aNd✓
=

1

(2⇡)4
1

4
q
�(s,m2

e,m
2

N )

1

4
q
�(m2

aN ,m2

N , te)

|M
2!3
a |

2

4[(ke · kN )2 �m2
em

2

N ]1/2
, (3.5)

where |M
2!3
a |

2
/ (Z2e4)/(t2et

2

N⇤2
a) is the e�N ! e�Na matrix element squared and �(a, b, c) ⌘

a2 + b2 + c2 � 2ab� 2ac� 2bc. More details on the calculation of the matrix element are given in

Appendix A. The phase space integration follows the method in Ref. [80].

Due to the double pole structure of the amplitude, the cross section is dominated by regions

in parameter space where |te| and |tN | are minimized. The minimal momentum transfers are
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Figure 2: Left panel: Normalized d�/d log |te| (solid) and d�/d log |tN | (dashed) distributions

of the ALP production cross section for ma = 0.1, 1.0 and 10.0GeV plotted in red, orange and

green, respectively. Right panel: The kinematical properties of the produced ALP represented

by contours containing 70% of the 2D probability distribution in the {Ea/ma, ⌘a} plane.

constrained by kinematics, and in the me, ma ⌧ mN ⌧
p
s limit they are given approximately

by

|te|min ⇡ 1.9⇥ 10�14 GeV2

⇣ ma

1.0 GeV

⌘2 ⇣ mN

193 GeV

⌘2✓ p
s

1.2 TeV

◆�4

,

|tN |min ⇡ 1.8⇥ 10�8 GeV2

⇣ ma

1.0 GeV

⌘4 ⇣ mN

193 GeV

⌘2✓ p
s

1.2 TeV

◆�4

. (3.6)

The dominance at small momenta transfers implies that the calculation of the ALP photoproduc-

tion cross section could be greatly simplified by using the equivalent photon approximation (EPA),

see e.g. [37]. However, as discussed in Sec. 3.3, the kinematics of the outgoing electron are re-

quired in order to veto background events. Thus, we calculate the full 2 ! 3 process to retain the

recoil information of the electrons. In the right panel of Fig. 1, we present the total production

cross section obtained from the full 2 ! 3 calculation (dashed), which can be compared to the

one obtained from the EPA (dotted). They are in good agreement with each other especially for

light ALP masses, while for heavier ALP masses they di↵er by about a factor of 2 due to the

breakdown of EPA at larger momentum transfers.

The Z2-enhanced coherent production is suppressed when the transferred momentum to the

nucleus is of the order of the nucleus size, rN ⇠ A1/3(1 fm) . By requiring rN
p

|tN |min . 1, we

can estimate the maximal mass of a coherently-produced ALP:

(ma)max ⇠ 20GeV

✓
Ee

18GeV

◆1/2✓ EN/A

100GeV

◆1/2✓207

A

◆1/6

. (3.7)

In the left panel of Fig. 2, we show the normalized di↵erential cross section d�/d log |t| for

t = te (solid) and t = tN (dashed) for ma = {0.1, 1, 10}GeV. As expected, the distributions

for lighter ALP masses are centered around lower values of |te| and |tN |. The sharp drop in

the ion momentum-transfer distribution is due to finite nucleon size. The inherent asymmetry
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Figure 3: Pseudorapidity probability distribution for the two photons produced from an ALP

decay for ma = 0.1GeV (left), ma = 1.0GeV (center), and ma = 10GeV (right). The central

detector acceptance is indicated with the green dashed line square ( �3.5 < ⌘ < 3.5).

of the production mechanism is reflected in the properties of the produced ALPs, which tend

to be boosted in the same direction as the electron, see right panel of Fig. 2 where we show

70% contours of the 2D probability distribution in the {Ea/ma, ⌘a} plane. These contours are

constructed by summing up the bins starting from the highest probability bin, until 70% of

the events are contained. The production of heavier ALPs requires larger momentum extraction

from the electron, while larger momentum extraction from the nucleus is suppressed by the form

factor. Therefore, heavier ALPs are produced with a smaller boost and are more aligned with

the electron.

3.2 Prompt signal

After being produced, the ALP decays back to photons with the rate �a!�� = m3
a/(64⇡⇤

2),

which we assume is its main decay channel, namely BR(a ! ��) ⇡ 100%. The pseudorapidity

distributions for the two final photons are presented in Fig. 3 for ma = {0.1, 1, 10}GeV. As

expected, the final state photons inherit the properties of the produced ALPs, discussed above.

As a result, the angular distributions of the photons are generally biased towards the negative

z direction, i.e. negative ⌘ values. Photons produced from heavier ALP decays are more likely

to propagate in the negative z direction and at larger angles (i.e. smaller values of |⌘|) due to

the fact that a heavier ALP is less boosted in the lab frame.

Our search strategy is to select events which, in addition to the recoiled electron, include two

photons in the final state. The four-momentum of the recoiled ion cannot be directly measured

at the EIC due to its extremely small scattering angles. Since �a!��/ma ⌧ 1, our signal would

ideally appear as a narrow peak in the spectrum of the observed diphoton mass m�� , defined in

terms of the photon energies E1, E2 and their relative angle ✓12,

m�� =
p

2E1E2(1� cos ✓12) . (3.8)

The method chosen to construct the ALP mass from the two-photon final state is similar to

the one used to reconstruct the ⇡0 in Ref. [79]. The reconstructed mass resolution �m�� is
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Figure 4: Left panel: The |te| cut signal e�ciency as a function of |te|min for ma =

{0.1, 1, 10}GeV in red, orange and green, respectively. In dashed gray we mark the |te|min =

10�3GeV2 used in this work. Right panel: Signal e�ciency of the |te| requirement shown in the

left panel as a function of the ALP mass for |te|min = 10�3GeV2.

determined by fitting the m�� spectrum, which includes the detector response and e�ciency. See

Table 2 for the values used in this work.

The acceptance region is determined by the e↵ective coverage of the calorimeters, see Table

1. We ensure the photons are central enough to be detected by requiring that

|⌘�1 |, |⌘�2 | < 3.5 . (3.9)

In addition, we place a requirement on the minimal photon energy,

E�1 , E�2 > 1.0GeV , (3.10)

which ensures the photons are energetic enough to be reliably reconstructed in the calorimeters

and suppresses beam-induced backgrounds (such as radiative processes). Throughout this work,

we conservatively assume a single photon e�ciency detection of "�(E� , ⌘�) ⇡ 70% which is E�

and ⌘� independent.

We also require a minimal electron momentum transfer,

|te| > 10�3GeV2 , (3.11)

so that the 4-momentum of the recoiled electron can be reconstructed reliably, see Sec. 11.7.2 of

Ref. [2]. To demonstrate the e↵ect of this cut on the signal e�ciency, we show in the left panel

of Fig. 4 the signal e�ciency as a function of |te|min for ma = {0.1, 1, 10}GeV and on the right

panel as a function of mass for the value used in this work, |te|min = 10�3GeV2.

m�� [GeV] 0.3 0.5 0.7 0.9 2.0 4.0 7.0 15.0

�m��/m�� (%) 3.5 3.3 3.1 2.8 1.7 1.2 0.97 0.72

Table 2: The reconstructed ALP mass resolution �m��/m�� for selected m�� values, determined

by fitting the m�� spectrum and including the detector response and e�ciency.
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One potential source of signal reduction is due to photon merger, namely the inability to

separate highly colinear photons appearing as a single merged object in the calorimeter. The EIC

detectors are expected to be able to resolve two photons from the decay of neutral pions with

E⇡0 . 10GeV, see Sec. 11.3.2 of Ref. [2]. More than 90% of the lightest ALPs considered in this

work, with ma ⇠ m⇡0 ⇠ 0.1GeV, are produced with Ea  3GeV. Heavier ALPs are produced

with even smaller average boost factors, see Fig. 2. Therefore, we estimate that photon merger

should only have a negligible e↵ect on the signal e�ciency.

3.3 Prompt backgrounds

We consider three main sources of background due to SM processes: (1) diphoton production via

light-by-light scattering, (2) ⇡0 pair-production with missing photons, and (3) ! production with

missing photons. All the background rates are estimated using the EPA, which approximates the

virtual photons as being on-shell, thus implicitly taking the limit |te| ! 0, see Appendix A.2 for

more details. We therefore overestimate the background by not implementing the minimal |te|

requirement of Eq. (3.11). The backgrounds at each ma are estimated by integrating over the

invariant mass in the window of m�� 2 [ma � 2�m�� ,ma + 2�m�� ].

The main background is due to the irreducible diphoton production,

eN ! eN � � , (3.12)

where we focus on the O(↵3) process in which two virtual photons scatter o↵ of each other via

one-loop box diagrams, also known as light-by-light (LBL) scattering. For simplicity, the fermions

in the loop are taken to be massless and the leading order LBL cross section is adopted from [81].

We take into account all SM fermions except for the top quark, thus overestimating the LBL

background at scales below the bottom quark mass. Note we do not consider beam-induced

backgrounds, e.g. O(↵2) double bremsstrahlung, which we assume can be made negligible by

requiring su�ciently central, Eq. (3.9), and energetic, Eq. (3.10), final state photons. These

beam-related backgrounds are not well understood yet at the EIC, and a detailed estimation

of them is beyond the scope of this work. The EPA estimations for the total ALP production

cross section and diphoton production via LBL scattering are given in Eqs. (A.11) and (A.12),

respectively. In the right panel of Fig. 1, we show in red the LBL cross section as a function of

the diphoton mass m�� after applying all the requirements discussed in this section.

The remaining SM processes we consider involve more than two photons in the final state.

They contribute as background only when some of the photons are missed, either due to the

finite detector size or photon reconstruction ine�ciency. First, we consider neutral pion pair

production,

eN ! eN ⇡0 ⇡0 (⇡0 ⇡0 ! ����) , (3.13)

where two out of four final state photons are not detected. Several processes contribute to

the neutral pion pair production [82]: the light meson resonance contributions dominate in the

low m�� region, while in the high m�� region, we use the hand-bag model [83] to estimate the

production rate. Based on 4⇥ 106 generated events, we simulate the detector e↵ects by selecting

which photons are missed. First, photons that do not satisfy the basic acceptance and energy
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threshold requirements of Eqs. (3.9) and (3.10) are labeled as missing. We then select which of

the remaining photons are detected according to our conservative assumption of a single photon

detection e�ciency of 70%.

Due to the missing momentum in these events, it is useful to consider the reconstructed

nuclear mass, defined as

(m2

N )recon. ⌘ (ke + kn � pe � p�1 � p�2)
2 = (pn + p�3 + p�4)

2 > m2

N , (3.14)

where �1, �2 (�3, �4) are the observed (missed) photons. Clearly, for events in which all final state

particles are detected, (m2

N )recon. ⇡ m2

N up to the resolution of the measurement, which we

estimate to be ⇠ 10%. Therefore, this background can be e�ciently reduced by requiring

(m2

N )recon. < (1.1mN )2 , (3.15)

as well as requiring that the photons are back-to-back in the transverse plane,

|⇡ ��'�1�2 | < 0.2 , (3.16)

where �'�1�2 ⌘ |'�1 � '�2 |, i.e. the di↵erence of azimuthal angle between the two detected

photons. Both the LBL scattering background and the signal, which have similar kinematics, are

essentially una↵ected by the cuts of Eqs. (3.15) and (3.16). The e↵ective cross section of pion-

pair production is shown in purple in the right panel of Fig. 1. It is the dominant background at

m�� ⇠ 1 GeV.

Next, we consider the background due to ! production,

eN ! eN ! (! ! ⇡0 � ! � � �) , (3.17)

which is only relevant in the mass region ma . m! ⇡ 0.78GeV. We calculate this background

level using a partial EPA, namely by calculating the rate of N � ! N !, where only the photon

emitted from the electron is approximated as on-shell. The details on the ! photoproduction

are given in [84]. We then implement the decay chain of the ! meson to recover the kinematical

distributions of the final three photons. Similar to ⇡0 pair production, we simulate the detector

e↵ects by enforcing Eqs. (3.9) and (3.10) and randomly selecting which of the remaining photons

are missed. This background can be e�ciently removed by requiring that in this mass range,

both observed photons propagate backward i.e. in the same direction as the electron. Therefore,

for ma < m! we also apply

⌘�1 , ⌘�2 < 0 . (3.18)

Finally, the e↵ective cross section of ! production is shown by the green line in the right panel

of Fig. 1.

Lastly, we consider the background due to the misidentification of electron-positron pairs,

produced in the photon fusion process � � ! e+ e�. Assuming a 1% misidentification rate, we find

this background is subdominant compared to the LBL. We assume beam-induced backgrounds

of this type, e.g. electron pair emitted from the electron, can be removed similar to the double

bremsstrahlung case, see comment below Eq. (3.12).
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Figure 5: The EIC projections on the prompt ALP searches with Ee = 18GeV and EPb =

20TeV. The solid (dashed) lines show the results with 10 (100) fb�1 integrated luminosity. In

gray shaded regions are existing experimental constraints, while the dashed gray lines indicate

projected sensitives for various proposed searches.

We estimate the EIC sensitivity by requiring that Sa = 2
p
B, where Sa is the number of ALP

signal events and B is the total number of background events in a window of [ma� 2�m�� ,ma+

2�m�� ]. The projected sensitivities in the ALP parameter space using electron-lead collisions

are shown as red curves in Fig. 5, where the solid (dashed) lines correspond to the benchmark

luminosity of 100 (10) fb�1. Comparing the EIC to the current bounds from beam-dumps, LEP,

Belle-II, BESIII and ATLAS/CMS [35, 37, 44, 49, 50, 54, 60, 66], the EIC has the potential

to probe unexplored parameter space at the heavy mass range 0.2 . ma . 20GeV, reaching

scales as high as ⇤ ⇠ 105GeV around ma = 10GeV. Furthermore, the EIC can uniquely probe

regions of the parameter space compared to other future experiments such as Belle-II [85], heavy-

ions [66, 86], and Glue-X [32].

3.4 Displaced-vertex search

The proposed BEMC design is hybrid, using light-collecting calorimetry and imaging calorimetry

based silicon sensors [76]. The latter could provide information on the diphoton production vertex.

Therefore, the location of the ALP decay could be reconstructed and prompt SM backgrounds

e�ciently vetoed. This would allow the EIC to probe the parameter space of long-lived ALPs,
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Figure 6: The EIC projected sensitivity from a displaced ALP search with Ee = 18 GeV and

EPb = 20TeV and L = 100 fb�1 defined by Sa = 3 (i.e. background free) and Sa = 100 (i.e.

2500 background events) on the left and right panel, respectively. The di↵erent shades of blue

assume di↵erent diphoton spatial resolution, LR, and distance between the interaction point and

the EM calorimeter, LEM, as indicated on the plot.

namely ALPs which, in the lab frame, propagate a mean distance La larger than the spatial

resolution of the diphoton production vertex reconstruction, LR, and smaller than the distance

to the EM calorimeter, LEM. The ALP decay probability inside this volume is approximated by

P(LR, LEM) ⇡ exp

✓
�
LR

La

◆
� exp

✓
�
LEM

La

◆
, (3.19)

where La ⌘ ��/�a.

Since the EIC detector is still being designed, a full detector simulation with directional

calorimetry is not yet available. A detailed analysis of the future reach of the proposed displaced-

vertex ALP search could only be done once the detector specifications are known. Instead, our

goal is to show the potential of such a search strategy under reasonable assumptions regarding the

vertex resolution of the BEMC. For simplicity, we consider the following benchmarks: [LR, LEM] =

[10, 100] cm, [50, 100] cm and [75, 150] cm. For background, we consider two cases: (1) negligible

background and (2) 2500
�
L/100 fb�1

�
background events per mass bin, such that Sa = 3 and

Sa = 100 define our sensitivity curves, respectively. Note that for this analysis we apply the

minimal photon energy and pseudorapidity requirements of Eqs. (3.9) and (3.10), as well as

assuming a single photon detection e�ciency of 70%. We do not apply the other requirements in

Eqs. (3.11), (3.15), (3.16), and (3.18). The projections for the six benchmark combinations are

presented in Fig. 6. As expected, a better spatial resolution, i.e. smaller LR, leads to increased

sensitivity at shorter lifetimes, which is a blind spot for most other proposed experiments. We

find that the displaced search has the potential to probe unexplored parameter space comparable

to SHiP [37]. Projections of displaced searches in NA62 [37, 40], FASER 2 [45], SeaQuest [71]

and LUXE [72], which are expected to produce results before the EIC, are also shown in Fig. 6.
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4 Outlook

The EIC is one of the major experiments planned for the next decade. Besides its vast SM

program, it can be utilized to search for physics beyond the SM. In this work, we explore the case

of ALPs, which are ubiquitous in various well-motivated BSM theories, coupled predominantly to

photons. In particular, we study the case of coherent ALP production via photon fusion, which

enjoys a Z2 enhancement and can support ALP masses of up to O(20GeV) due to the large boost

of the ion relative to the electron. Moreover, since the ions stay intact, the background can be

e�ciently vetoed and the search can be done in a relatively clean environment.

The predicted sensitivity for promptly decaying ALPs extends beyond current experimental

collider limits, as well as future searches. We find that the EIC can uniquely probe ALPs with a

mass of ma ⇠ O(10GeV) and e↵ective scales as high as ⇤ ⇠ 105GeV, see Fig 5. In addition, we

briefly explore the case of long-lived ALPs which would appear as displaced vertices of photon

pairs. This type of search could be possible with su�cient vertex reconstruction resolution in the

central EM calorimeter. Assuming spatial resolution of 10 cm, ALPs as heavy as ⇠ 1 � 2GeV

with e↵ective scales as high as ⇤ ⇠ few⇥ 106GeV can be probed at the EIC, as shown in Fig 6.

This study illustrates the importance of photon vertex reconstruction at the EIC in the context

of BSM searches. To conclude, we find that the EIC, under reasonable assumptions, would be

in a unique position to probe large unexplored regions of the ALP-photon-coupling parameter

space, as summarized in Fig 7.
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Appendices

A ALP production cross section

In this appendix, we give additional details about the e�N ! e�Na calculation at the EIC

including the EPA.

A.1 Squared amplitude of ALP production

The 2-to-3 e�N ! e�Na scattering amplitude can be written as

M
2!3

a =
e2

⇤

1

tN te
Jl,µJ

µ
h
, (A.1)
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Figure 7: The EIC projections from the ALP searches with Ee = 18GeV and EPb = 20TeV. The

solid (dashed) red lines show the prompt search results with 10 (100) fb�1 integrated luminosity.

The solid (dashed) blue lines show the displaced search results with Sa = 3 (Sa = 100) with 100

fb�1 integrated luminosity, assuming the diphoton spatial resolution LR = 10 cm and the distance

between the interaction point and the EM calorimeter LEM = 100 cm.

where e is the EM gauge coupling, Jµ
l
and Jµ

h
are the leptonic and hadronic currents, respectively.

The leptonic current is given by

Jl,µ = ✏µ⌫↵�ū(pe)�
⌫u(ke)(kn � pn)

↵(pe � ke)
� . (A.2)

The hadronic current is given by

Jh,µ = Z F (tn) (kn + pn)µ , (A.3)

where Z is the atomic number. We use the Helm form factor [87]

F (q) =
3j1(qR1)

qR1

exp


�
(q⇢)2

2

�
, (A.4)

where j1 is the first spherical Bessel function of the first kind, ⇢ = 0.9 fm = (0.22GeV)�1 and

R1 =
q
(1.23A1/3 � 0.6)2 fm2 + (7/3)⇡2(0.52 fm)2 � 5s2 ⇡ 6.85 fm ⇡ (0.03GeV)�1 , (A.5)
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for a lead nucleus, A = 208.

The spin-averaged squared amplitude is

|M
2!3

a |
2 =

e4

⇤2t2N t2e
Lµ⌫W

µ⌫ , (A.6)

where the leptonic and hadronic tensors are defined as

Lµ⌫ ⌘
1

2

X

spin

JlµJ
†
l⌫ and Wµ⌫ ⌘ JhµJ

†
h⌫ . (A.7)

A.2 Equivalent Photon Approximation

In the equivalent photon approximation, the di↵erential cross section of a photon fusion process

can be factorized as [88]

d�eN!eNX

dŝ
(ŝ) =

1

ŝ

Z Ee

ŝ
4Epb

d!1

!1

f�/e (!1) f�/N (!2) �̂��!X(ŝ) , (A.8)

where !1 (!2) is the photon energy emitted from the initial electron (ion), ŝ = 4!1!2 is the

center-of-mass energy of the hard process and �̂��!X(ŝ) is the �� ! X cross section. The

photon spectrum from the electron is

f�/e(!1) =
↵

2⇡

"
1 +

✓
1�

!1

Ee

◆2
#
log

✓
E2

e

m2
e

◆
, (A.9)

where ↵ ⇡ 1/137.036 is the EM coupling constant. The photon spectrum from ion is taken from

Ref. [66]

f�/N (!2) =
2Z2↵

⇡

(
!2

ER
K0

✓
!2

ER

◆
K1

✓
!2

ER

◆
�
1

2

✓
!2

ER

◆2
"
K1

✓
!2

ER

◆2

�K0

✓
!2

ER

◆2
#)

, (A.10)

where ER = EPb/(MPbRA), RA = 1.2A1/3 fm and K0 and K1 are the modified Bessel function

of the second kind with order 0 and 1.

By using the narrow width approximation, we estimate the ALP production, e�N ! e�Na,

to be

�EPAa =
⇡

8⇤2

Z Ee

m2
a

4Epb

d!1

!1

f�/e (!1) f�/N

✓
m2

a

4!1

◆
. (A.11)

We find that the ratio between the full 2-to-3 and the EPA cross sections is at most 2 in the

relevant mass range.

Considering all SM fermions, except the top, in the massless limit, the LBL scattering cross

section at leading order �̂LO
LBL

(ŝ) ' 10�6/ŝ [81]. By using Eq. (A.8) with �̂��!X(ŝ) = �̂LO
LBL

(ŝ),

the di↵erential LBL cross section is given by

d�EPA
LBL

dm��
'

2.0⇥ 10�6

m3
��

Z Ee

m��
4Epb

d!1

!1

f�/e (!1) f�/N

 
m2

��

4!1

!
. (A.12)
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For an ALP with mass ma, the LBL background can be estimated by integrating over an interval

of [ma�2�m�� ,ma+2�m�� ]. Therefore, the ratio between the ALP signal and LBL background

is roughly given by

Sa

BLBL

⇡
�EPAa

4�m��
d�EPA

LBL
dm��

⇡ 20

✓
TeV

⇤

◆2 ⇣ m��

2GeV

⌘2✓ 0.01

�m��/m��

◆
. (A.13)

B Dark photons at the EIC

In this appendix, we explore the possibility of searching for light dark photons [89–93] at the EIC.

We find that in the (0.01�10)GeV mass range, the dark photons are typically forward produced,

collinearly with the electron. This makes the possibility of prompt searches challenging. We

estimate that using a prompt search strategy for a dimuon final state, the EIC can at best reach

sensitives comparable to present bounds. Alternatively, at sub-GeV masses, the dark photon may

be long-lived enough such that it could be detected in an external decay volume. However, the

sensitivity of a displaced search strategy at the EIC depends crucially on the positioning of the

decay volume. Due to the size and geometry of the EIC detector, we estimate the closest position

for a decay volume at the EIC to be O(30m) away from the interaction point. This implies that

the EIC sensitivity in a displaced search would not be able to improve on existing bounds. For a

preliminary estimation of the EIC reach for a dark photon with an e↵ective propagation length

of O(mm) see [10].

This appendix is organized as follows. In Sec. B.1, we present the model and discuss the

coherent production of dark photons at the EIC, with further details provided in Sec. B.4. In

Sections B.2 and B.3 we briefly present our results for prompt and displaced searches, respectively.

B.1 Coherent dark photon production

The minimal dark photon model depends on two free parameters, namely the dark photon mass

mA0 and the mixing parameter ", as defined by the Lagrangian

LA0 = �
1

4
Fµ⌫Fµ⌫ �

1

4
F

0µ⌫F 0
µ⌫ �

"

2
Fµ⌫F 0

µ⌫ +
1

2
m2

A0A02 + eAµJ
µ
em , (B.1)

where F (0)
µ⌫ ⌘ @µA

(0)
⌫ � @⌫A

(0)
µ . After moving to the kinetic canonical and mass basis, the physical

dark photon, which for simplicity of notation shall remain A0
µ, couples to the electromagnetic

current, LA0 � "eA0
µJ

µ
em . Thus, the electron can radiate an on-shell dark photon via a dark

bremsstrahlung process

e(ke) +N(kN ) ! e(pe) +N(pN ) +A0(pA0) . (B.2)

Similar to the ALP production, the di↵erential cross section of e�N ! e�NA0 depends on four

variables, as well as on the (fixed) center-of-mass energy
p
s. For more details on the calculation

of the full 2 ! 3 production cross section, see Sec. B.4. The total production cross section is

shown in the left panel of Fig 8. The maximal mass for the coherently-produced dark photon,

given by

(mA0)max ⇠ 20GeV

✓
Ee

18GeV

◆1/2✓ EN/A

100GeV

◆1/2✓207

A

◆1/6

, (B.3)

– 15 –



Figure 8: Left panel: The total dark photon production cross section. Right and middle panels:

Dark photon pseudorapidity (middle) and lab-frame momentum (right) probability distributions

for mA0 = 0.01, 0.1, 1 and 10 GeV in red, orange, green and blue, respectively.

is found following a derivation identical to the ALP case, see Sec. (3.1). We summarize the kine-

matics of the produced dark photon in the middle and right panels of Fig. 8, where we show the

pseudorapidity (momentum) distribution in the middle (right) panel formA0 = {0.01, 0.1, 1, 10}GeV

in red, orange, green and blue, respectively. The dark photon is typically produced along the

same direction as the electron, as shown in the left panel of Fig. 8. The produced dark photon

takes most of the electron energy in the lab frame, with only a small amount of its energy ex-

tracted from the nucleus, as expected from a coherent process. Thus, the energy distributions

are peaked around EA0 ⇠ 18GeV, and the corresponding momentum distributions are peaked

around pA0 ⇠ (E2

A0 �m2

A0)1/2, as shown in the right panel of Fig. 8. The dark photon lifetime

and branching ratios are taken from Ref. [94].

B.2 Prompt search

We consider a prompt search in the mass range 1GeV < mA0 < 10GeV with a dimuon final

state A0
! µ+µ�, chosen because of its sizable decay branching fraction and less background,

including beam-induced background. After calculating the µ+µ� spectrum in the lab frame, we

estimate the total number of events SA0 which pass the acceptance criterion, namely

|⌘µ± | < 3.5 , (B.4)

and require that SA0 = 2
p
BEM, where BEM is the irreducible EM-induced background estimated

in [94]. We performed the analysis for three mass points mA0 = 1, 3 and 10GeV, enough to

demonstrate the reach of the EIC for this search, shown in red in the left panel of Fig. 9. At

mA0 = 1GeV, where the production rate is largest, the acceptance is O(10�5) due to the large

boost of the produced dark photon, which reduces the sensitivity. On the other hand, acceptance

at mA0 = 10GeV is O(1), but the sensitivity is suppressed due to the low coherent production

rate. In the middle of the considered mass range, we find the optimal EIC sensitivity, which is

comparable to the existing bounds [95–101] shown in gray.

B.3 Displaced search

At lighter masses and smaller couplings, the dark photon decay is displaced from the interaction

point. Due to the size and geometry of the EIC, we estimate that a � = 500m decay volume
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Figure 9: Left panel: the projected sensitivity at the EIC for a prompt A0
! µ+µ� search with

L = 100 fb�1 at 1, 3 and 10GeV, interpolated with a dashed red line. Right panel: the projected

sensitivity at the EIC for a displaced A0
! µ+µ� search with L = 10 and 100 fb�1 in solid red and

dashed red, respectively, assuming a � = 500m long, shielded decay volume located L = 35m

away from the interaction point.

could be placed L = 35m away from the interaction point. The decay probability factor is then

given by

P ⇡ e�L/LA0 (1� e��/LA0 ) , (B.5)

assuming ideal acceptance, with LA0 = ��/�A0 . The resulting sensitivity contours defined by

3 signal events are shown in the right panel of Fig. 9, assuming ideal detection e�ciency to all

SM final states. We further assume zero background events which can potentially be achieved

with su�cient shielding. The EIC sensitivity, under the above assumptions does not improve on

existing experimental bounds [34, 102–108] shown in gray.

B.4 Details on dark photon production

The di↵erential cross section for the 2 ! 3 process of Eq. (B.2) is given by

d�(eN ! eNA0)

dmeA0 dt d⌦A0
=

e6"2pcm(meA0 ,mA0 ,me)

(2⇡)426p2cm(
p
s,me,mN ) s

✓
F (t)

t

◆2

A . (B.6)

where pcm(M,m1,m2) ⌘
p
�(M2,m2

1
,m2

2
)/(2M). The four kinematic integration variables are

m2

eA0 ⌘ (pe+pA0)2, t ⌘ �(pN �kN )2, and d⌦A0 ⌘ d cos ✓A0d'A0 , which define the directions of the

dark photon momentum in the center-of-mass frame of the e-A0 system, i.e. the system defined

by pe + pA0 = (meA0 , 0, 0, 0). The integration limits are

�1 < cos ✓A0 < 1 , 0 < 'A0 < 2⇡ , me +mA0 < meA0 < mmax
eA0 (t) , t� < t < t+ , (B.7)

with

mmax
eA0 (t) =

vuut
s+m2

N�

Ecm(
p
s,mN ,me)

�
2m2

N + t
�
� pcm(

p
s,mN ,me)

q
t
�
4m2

N + t
�

m2

N/
p
s

, (B.8)
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defining Ecm(M,m1,m2) ⌘ (M2 +m2
1
�m2

2
)/(2M). Finally, the kinematic integration limit for t

is given by

t±
2

⌘Ecm(
p
s,mN ,me)Ecm(

p
s,mN ,me +m�)

± pcm(
p
s,mN ,me)pcm(

p
s,mN ,me +m�)�m2

N , (B.9)

where F (t) is the nuclear form factor, for which we use only the elastic one (see [109] and references

therein). Lastly, we have the amplitude [110]

A = 2

✓
s̃2 + ũ2

s̃ũ

◆
(t+ 4m2

N )�
8t

s̃ũ
(P · ke)

2
�

8t

s̃ũ
(P · pe)

2

�
8t

s̃ũ

t2 +m2

A0

2
(t+ 4m2

N ) + 2
(s̃+ ũ)2

s̃2ũ2
(m2

A0 + 2m2

e)(t+ 4m2

N )t (B.10)

� 8
(s̃+ ũ)2

s̃2ũ2
(m2

A0 + 2m2

e)

✓
ũP · ke + s̃P · pe

s̃+ ũ

◆
,

with

s̃ ⌘ 2pe · pA0 +m2

A0 , ũ ⌘ �2ke · pA0 +m2

A0 , P ⌘ pN + kN , t2 ⌘ �2ke · pe + 2m2

e . (B.11)

Note that, as opposed to [110], we use the mostly minus metric convention.
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