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In this work we study the axion/axion-like particle production from the lepton–nucleon scattering in the
low-energy region, i.e., the lN → lNa processes, l being the electron or muon and N the proton or
neutron. We simultaneously include three different types of axion interaction couplings within the chiral
effective field theory, namely the axion–nucleon–nucleon couplings gaNN , axion–photon–photon coupling
gaγγ , and axion–photon–vector meson resonance couplings gρaγ and gωaγ . Vast inputs from the lattice QCD
and hadron phenomenological studies are used to fix the unknown couplings. The relative strengths of
different axion interactions in the lN → lNa processes are then revealed. We provide detailed predictions
for the differential cross sections with respect to various angles and axion energy, as well as the total cross
sections in the low-energy region around production thresholds, both for the Kim-Shifman-Vainstein-
Zakharov (KSVZ) and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) axion models.
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I. INTRODUCTION

Since the proposal of the axion in the seminal works
[1–4], this intriguing hypothetical particle has been the
focus in many research branches of physics, including
particle and nuclear physics, astronomy, cosmology, optics,
atomic physics, etc. [5–12]. As a natural extension of the
axion proposal, the axion-like particle (ALP), whose mass
and decay constant disentangle from the severely con-
strained relation of the axion case, has also attracted
intensive attention. Particularly, the search for axion and
ALP, which will be collectively denoted as ALP in this
work for simplicity, constitutes a prominent subject at
lepton fixed-target or beam-dump facilities, such as LDMX
[13,14], M3 [15], BDX [16,17], NA64 [18–23], MuSIC
[24], EIC [25], EicC [26,27], and so on. Due to their high
luminosity, these kinds of experiments are expected to offer
invaluable environments to impose strong constraints on
the ALP parameters.

The fundamental process in the lepton fixed-target or
beam-dump experiments is the lepton–nucleon scattering,
that is, lN → lN. The ALP production process in these
kinds of experiments is given by lN → lNa. This latter
amplitude has only been rarely studied in the literature
within simple models, e.g., by only invoking the photon
exchange mechanism between the lepton and the nucleon.
In addition, most previous studies rely on the assumption of
axion bremsstrahlung off the lepton or two-photon anni-
hilation to ALP, i.e., focusing on the roles of the axion–
lepton and axion–photon couplings in the lN → lNa
processes [27–32]. As a novelty, we push forward in this
work the investigation of the lN → lNa processes in two
main aspects. First, chiral effective field theory (EFT) will
be employed to calculate the lN → lNa amplitudes, by
incorporating the axion–nucleon interaction vertex up to
Oðp2Þ, which allows us to examine the roles of the axion–
nucleon couplings and also provides a complementary
study to previous works relying on the axion–lepton
interaction. Second, in addition to the photon exchange,
we will take into account the contributions from the light-
flavor vector (V) resonances via the Vaγ interacting
vertices with V ¼ ρ and ω, which have been demonstrated
to be dominant in the axion photoproduction amplitude off
the neutron target [33] and eþe− → ωa [34]. Furthermore,
the influence of the different microscopic mechanisms on
the cross sections and the distributions of various angles
and energies will be explored in detail for the eN → eNa
processes.
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It is pointed out that our calculation in the chiral EFT is
only valid in the low-energy region around the production
thresholds for the lN → lNa processes, which cannot be
extended to the high-energy regime far beyond the GeV
scale as in many of the fixed-target or beam-dump experi-
ments. Due to the complexity of the hadron amplitudes, the
strict way to calculate the hadron-related processes ranging
from its threshold to high-energy region is still challenging.
In this situation, chiral EFT can offer a useful and model-
independent tool to constrain the hadron amplitudes
[35–37]. The reliable low-energy lN → lNa amplitude
calculated within the framework of chiral EFT hopefully
will serve as a theoretical constraint for the ALP-related
hadron amplitudes in the higher-energy regime.
The paper is structured as follows. In Sec. II, we discuss

the relevant axion interactions with nucleon, photon, and
vector mesons in chiral EFT, and then calculate the lN →
lNa amplitudes. Phenomenological discussions, including
the treatment of kinematics and differential cross sections,
are presented in Sec. III. A short summary and conclusions
are given in Sec. IV.

II. CALCULATION OF THE lN → lNa
AMPLITUDES IN CHIRAL EFT

A. ALP interactions with nucleon, photon, and vector
mesons

The hypothetical axion corresponds to a pseudo-Nambu-
Goldstone boson (pNGB), resulting from the spontaneous
breaking of the global Uð1Þ Peccei-Quinn (PQ) symmetry
[1–4]. In the low-energy region much below the electro-
weak breaking scale, the generic QCD Lagrangian involv-
ing light-flavor quarks, gluons, and ALP as dynamical
degrees of freedom is given by

LALP
QCD ¼ LQCD;0 − q̄Mqqþ 1

2
∂μa∂μa −

1

2
m2

a;0a
2

þ a
fa

αs
8π

X8
i¼1

Gμν;iG̃
μν
i þ ∂

μa
2fa

JPQμ ; ð1Þ

where LQCD;0 is the standard QCD Lagrangian in the
chiral limit; the light-flavor quark matrix is Mq ¼
diagfmu;md;msg; Gμν;i, and G̃μν;i ¼ 1

2
ϵμναβG

αβ
i stand for

the gluon field tensor and its dual, with i the color indices,
and αs corresponds to the strong coupling constant of QCD.
We use the convention ϵ0123 ¼ þ1 for the Levi-Civita
tensor ϵμναβ throughout this work. The ALP decay constant
is denoted by fa, and the bare ALP mass ma;0 can be
considered as an additional Uð1Þ PQ symmetry-breaking
term. The preexisting axion–quark interaction term is
described by the PQ quark current,

JPQμ ¼ q̄γμγ5Xqq; ð2Þ

where only the diagonal matrix Xq ¼ diagðXu; Xd; XsÞ in
the flavor space will be assumed. The anomalous axion–
gluon interaction, i.e., the aGG̃ term in Eq. (1), is usually
deemed to be the model-independent part of the QCD axion
interactions, due to its key role in solving the strong CP
problem of QCD [1–4], while the last term in Eq. (1), i.e.,
the preexisting axion–quark operator, is subject to the
ultraviolet axion model constructions, which is then con-
sidered as the model-dependent axion interactions. For
instance, two well-established benchmark axion models,
viz. the Kim-Shifman-Vainstein-Zakharov (KSVZ) [38,39]
and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [40,41]
models, yield markedly different predictions to the preex-
isting axion–quark couplings

XKSVZ
q ¼ 0;

XDFSZ
u ¼ 1

3
sin2 β; XDFSZ

d;s ¼ 1

3
cos2 β; ð3Þ

where tan β ¼ vu=vd stands for the ratio of vacuum expect-
ation values of the up and down types of Higgs doublets in
the DFSZ axion model [40,41].
Apart from the model-dependent part of the axion–quark

coupling, model-independent contribution to such coupling
will be also induced by the aGG̃ term in Eq. (1). One way
to explicitly calculate such contribution is to perform
the axial transformation of the quark fields q →

exp ðiγ5 a
2fa

QaÞq with the constraint TrðQaÞ ¼ 1. This
procedure introduces several new terms to the original
Lagrangian in Eq. (1), one of which exactly cancels with
the aGG̃ in Eq. (1). The remaining modifications from such
procedure are

Mq→Ma¼ exp

�
−i

a
2fa

Qa

�
Mqexp

�
−i

a
2fa

Qa

�
; ð4Þ

JPQμ → Jaμ ¼ JPQμ − q̄γμγ5Qaq: ð5Þ

After the axial quark transformation q → exp ðiγ5 a
2fa

QaÞq,
the original Lagrangian in Eq. (1) becomes

LALP;0
QCD ¼LQCD;0þ

1

2
∂μa∂μa−

1

2
m2

a;0a
2− q̄Maqþ

∂
μa
2fa

Jaμ;

ð6Þ

where the quantities Ma and Jaμ are given in Eqs. (4) and
(5), respectively. To proceed with the calculation, an
explicit realization of the matrix Qa needs to be provided
and a frequently used form proposed in Ref. [42] is
given by
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Qa ¼
M−1

q

TrM−1
q

¼ 1

1þ zþ w
diagð1; z; wÞ;

�
z ¼ mu

md
; w ¼ mu

ms

�
; ð7Þ

which renders the leading-order (LO) ALP-meson mass-
mixing term vanishing. To acquire the ALP–hadron inter-
actions, one needs to match the ALP–quark operators to the
chiral EFT. A detailed discussion about this matching
procedure for our purpose has been provided in
Ref. [33] and references therein. We do not repeat the
derivations here, but directly give the results below for
simplicity. The relevant chiral Lagrangians to our calcu-
lations up to Oðp2Þ involving ALP and nucleon read

Lð1Þ
aN ¼ N̄

�
i=D −mN þ gA

2
=uγ5 þ

gi0
2
=̃uiγ5

�
N; ð8Þ

Lð2Þ
aN ¼ N̄

�
c6
8mN

Fþ
μν þ

c7
8mN

Tr½Fþ
μν�

�
σμνN; ð9Þ

where the superscripts (1) and (2) denote the chiral
orders, the covariant derivative is Dμ ¼ ∂μ − ieQNAμ,
with Aμ the photon field and QN ¼ diagf1; 0g the
electric charge matrix of the nucleon doublet, Fþ

μν ¼
2eQNð∂μAν − ∂νAμÞ, and the isotriplet and the isosinglet

components of the axial-vector currents take the form uμ ¼
cu−d

∂μa
fa

τ3 and ũμ;i¼ðuþd;sÞ ¼ ci¼ðuþd;sÞ
∂μa
fa

1 in order, with

cu�d ¼
1

2

�
Xu � Xd −

1� z
1þ zþ w

�
;

cs ¼ Xs −
w

1þ zþ w
: ð10Þ

To define the nonperturbative matrix elements Δq via
hNjq̄γμγ5qjNi ¼ sμΔq, with sμ the nucleon (N) spin vector
[43], one can express the isotriplet (gA) and isosinglet
(gi¼uþd;s

0 ) axial-vector nucleon couplings in terms of Δq
as gA ¼ Δu − Δd; guþd

0 ¼ Δuþ Δd; gs0 ¼ Δs. From the
Lagrangian in Eq. (8), the ALP–nucleon couplings can
be acquired via fagaNN ¼ gAcu−dτ3 þ gi0ci1, whose
explicit expressions for proton and neutron are [43–45]

fagapp ¼−
Δuþ zΔdþwΔs

1þ zþw
þΔuXuþΔdXdþΔsXs;

ð11Þ

fagann ¼ −
zΔuþ Δdþ wΔs

1þ zþ w
þ ΔdXu þ ΔuXd þ ΔsXs:

ð12Þ
According to the Flavour Lattice Averaging Group (FLAG)
[46], the values of the relevant matrix elements are

Δu ¼ 0.847ð50Þ; Δd ¼ −0.407ð34Þ; Δs ¼ −0.035ð13Þ.
The FLAG average values for the light-quark masses [46]
will be also used to determine z ¼ 0.485ð19Þ and w ¼
0.025ð1Þ appearing in Eq. (7). In the KSVZ case, i.e.,
Xu ¼ Xd ¼ Xs ¼ 0, the coupling strength of the ALP
and proton is fagapp ¼ −0.430ð36Þ, which is much
larger than the ALP–neutron coupling with fagann ¼
−0.002ð30Þ. Nevertheless, such a conclusion may be
highly sensitive to the inclusion of the model-dependent
parameters Xu;d;s.
Regarding the low-energy constants (LECs) c6 and

c7 in Eq. (9), their values can be determined by
c6 ¼ κp − κn; c7 ¼ κn, where κp and κn stand for the
anomalous magnetic moments of proton and neutron in
order. Using the PDG [47] central values κp ¼ 1.793 and
κn ¼ −1.913, one can obtain c6 ¼ 3.706 and c7 ¼ −1.913.
For later convenience, we give the relevant Feynman

rules for the NNγ and NNa vertices up to Oðp2Þ. For the
NNγ vertices, its LO and NLO Feynman rules take the
form

vμγNN;LO ¼ ieQNγ
μ; vμγNN;NLO ¼−

eðc6QN þ c7Þ
2mN

σμνqν;

ð13Þ

where q corresponds to the incoming photon momentum.
The LO Feynman rule for the NNa vertex reads

vLOaNN ¼ −
gaNN

2
=qγ5; ð14Þ

with q the outgoing ALP momentum. The ALP-nucleon
couplings gaNN are defined in Eqs. (11) and (12). It is
noted that we have reshuffled the factor of fa into the
definition of the gaNN couplings, while the fa factor is
explicitly introduced in the vertex in Ref. [33]. We note
that the NNa interacting vertex does not appear at Oðp2Þ
in the chiral EFT.
The anomalous ALP–photon interaction Lagrangian

reads

Laγγ ¼
a
fa

α

8π
CaγFμνF̃μν ≡ gaγγaFμνF̃μν; ð15Þ

where α is the electromagnetic fine structure constant, and
Fμν and F̃μν denote the photon field strength tensor and its
dual. The coupling Caγ receives both model-dependent and
-independent pieces. In a recent SUð2Þ chiral EFT calcu-
lation up to NLO, the value of the ALP–photon coupling is
determined to be Caγ ¼ E

N − 1.92ð4Þ [43], where N and E
are the model-dependent QCD and QED anomaly coef-
ficients, and the number −1.92ð4Þ corresponds to the
model-independent part. The SUð3Þ NLO calculation
predicts the model-independent part as −2.05ð3Þ [48].
Recently, the model-independent part of the ALP–photon
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coupling was also calculated in Uð3Þ chiral EFT with the
prediction of −1.89ð2Þ, after including the linear isospin-
breaking effect [49,50].
In Ref. [33], it was demonstrated that the Vaγ types

of interacting vertices, with V the light-flavor vector
mesons ρ and ω, can play important roles in the
γN → aN processes, especially for the neutron channel.
Therefore, one would expect that these kinds of inter-
actions will also manifest their roles in the lN → lNa
processes. The evaluation of the Vaγ coupling has been
given in detail in Ref. [33], and we recapitulate the
derivation to set up the notations. The Vaγ interacting
vertex takes the form

MVaγ ¼ egVaγϵαβρσϵαVðqÞϵ�βγ ðkÞqρkσ; ð16Þ

where the Vaγ coupling is estimated using
gVaγ ¼

P
ðP¼π0;η;η0Þ θaPgVPγ , with θaP the mixing factor

between ALP and the light pseudoscalar P, and gVPγ
denotes the VPγ coupling. We will adopt the mixing
forms θaP from Ref. [51] in our calculation. For the VPγ
couplings, we take the results from the resonance chiral
theory in Refs. [52–55]. For definiteness, we adopt the
parameter values from Table I of Ref. [55], which are
determined through a joint fit to a large amount of
experimental data, including various processes of
P → Vγ, V → Pγð�Þ, P → γγð�Þ as well as transitions
involving J=ψ and ψ 0, i.e., the Set-I scenario of
Ref. [33] will be employed in our analysis. The Set-II
inputs in the former reference give roughly similar
results, and we will not explicitly show such analysis
here. For the explicit expressions of θaP and gVPγ, we
refer to Ref. [33] for further details. In the QCD axion

scenario, i.e., by setting Xu ¼ Xd ¼ Xs ¼ 0, the model-
independent parts for the couplings of gρ0aγ and gωaγ , by
taking the hadronic inputs from Ref. [55], are given by
fagρ0aγ ¼ −0.132ð20Þ and fagωaγ ¼ −0.077ð7Þ in the
case of ma ¼ 0.
In order to include the Vaγ interaction in the lN → lNa

amplitudes, one also needs the VNN interacting vertices as
additional inputs. Following the phenomenological discus-
sions in Refs. [56–58], we take the VNN interacting
Lagrangian

LVNN ¼ N̄ðgρNN ρ⃗μ · τ⃗ þ gωNNωμÞγμN þ Gρ

2
N̄ρ⃗μν · τ⃗σμνN;

ð17Þ

where τ⃗ denotes the Pauli matrices and ρ⃗μν ¼ ∂μρ⃗ν − ∂νρ⃗μ.
For the values of the VNN couplings, the determinations of
gρNN ¼ 3.25, gωNN ¼ 11.7, and Gρ ¼ −10.6 GeV−1 from
the Jülich model [57,58] will be used in our analysis. The ω
tensor coupling is conventionally set to zero in meson–
nucleon reaction studies [57,58].

B. Calculation of the lN → lNa
amplitudes

With the above preparations, we are ready to calculate
the lðp1ÞNðp2Þ → lðp3ÞNðp5Þaðp4Þ amplitudes, and the
corresponding Feynman diagrams are shown in Fig. 1.
By taking the interacting vertices in Eqs. (13)–(16), one

can calculate the amplitudes corresponding to the Feynman
diagrams in Fig. 1; the explicit expressions are given by

FIG. 1. The Feynman diagrams of lN → lNa.
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Ma1 ¼ −iūðp3; mlÞΓμ
γlluðp1; mlÞūðp5; mNÞΓσ

γNNðp5 − p2Þuðp2; mNÞΓνη
aγγðp1 − p3; p5 − p2Þ

× Sγ;μνðp1 − p3ÞSγ;ησðp5 − p2Þ;
Ma2 ¼ −iūðp3; mlÞΓμ

γlluðp1; mlÞūðp5; mNÞΓσ
ρ0NNðp5 − p2Þuðp2; mNÞΓνη

ρ0aγðp1 − p3; p5 − p2Þ
× Sγ;μνðp1 − p3ÞSðρ0Þ;ησðp5 − p2Þ;

Ma3 ¼ −iūðp3; mlÞΓμ
γlluðp1; mlÞūðp5; mNÞΓσ

ωNNuðp2; mNÞΓνη
ωaγðp1 − p3; p5 − p2Þ;

× Sγ;μνðp1 − p3ÞSðωÞ;ησðp5 − p2Þ;
Mb ¼ −iūðp3; mlÞΓμ

γlluðp1; mlÞūðp5; mNÞΓaNNðp4ÞSNðp1 þ p2 − p3ÞΓν
γNNðp1 − p3Þuðp2; mNÞ

× Sγ;μνðp1 − p3Þ;
Mc ¼ −iūðp3; mlÞΓμ

γlluðp1; mlÞūðp5; mNÞΓν
γNNðp1 − p3ÞSNðp5 − p1 þ p3ÞΓaNNðp4Þuðp2; mNÞ

× Sγ;μνðp1 − p3Þ; ð18Þ

where

Γμη
aγγðpi; pfÞ ¼ 4igaγγεμνησpi;νpf;σ;

ΓaNNðqÞ ¼ −
gaNN

2
=qγ5; Γμ

γll ¼ −ieγμ;

Γμ
γNNðqÞ ¼ ie

�
QNγ

μ −
ðc6QN þ c7Þ

4mN
ðγμ=q − =qγμÞ

�
;

Γμ
ρ0NN

ðqÞ ¼ i
�
gρNNγ

μ −
Gρ

2
ðγμ=q − =qγμÞ

�
;

Γμ
ωNN ¼ igωNNγ

μ; Γμη
ρ0ðωÞaγðpi; pfÞ ¼ iegρ0ðωÞaγεμνησpi;νpf;σ;

Sμνγ ðkÞ ¼ −igμν

k2 þ iϵ
; SNðkÞ ¼

iðkþmNÞ
k2 −m2

N þ iϵ
;

Sμνðρ0ÞðkÞ ¼
−i
�
gμν − kμkν

m2

ρ0

�
k2 −m2

ρ0
þ iϵ

; SμνðωÞðkÞ ¼
−i
�
gμν − kμkν

m2
ω

�
k2 −m2

ω þ iϵ
: ð19Þ

The values of the various couplings, including
gaγγ; gaNN; gρðωÞNN; gρðωÞaγ , have been discussed previously.
The complete lN → lNa amplitude is given by the sum of
the individual terms

M ¼ Ma1 þMa2 þMa3 þMb þMc; ð20Þ

where Ma1 represents the amplitude from the photon
exchange, Ma2 and Ma3 are the results from the
exchanges of ρ and ω in order, and Mb, Mc denote the
amplitudes from the nucleon exchanges via the direct aNN
vertex.
To end this section, we briefly discuss the connection

between the lepton–nucleon and the lepton–nucleus ampli-
tudes, since many of the fixed-target or beam-dump
facilities employ nucleus targets, with the numbers of
protons Zp and neutrons Zn. When assuming the photon
exchange as the only contribution and further keeping the

LO γNN vertex in Eq. (13), the latter of which gives a
vanishing coupling for the neutron, one can obtain
Mγ−exchange;LO

l−nucleus ¼ ZpM
γ−exchange;LO
l−proton within the coherent

picture, which basically sum the contributions from indi-
vidual protons inside the nucleus at the amplitude level. In
this way, to take the amplitude squared jMγ−exchange;LO

l−nucleus j2 as
input will lead to the typical enhancement factor Z2

p in the
lepton–nucleus cross section, which is exactly the formal-
ism used in many previous studies [27–32]. Nevertheless,
our phenomenological studies in the next section show that
the contributions from the exchanges of nucleons and
vector mesons can be more profound than those of the
photon exchange, at least in the low-energy region not far
from the production thresholds. A reliable estimation of the
cross sections needs to include the former two kinds of
contributions, rather than purely the photon exchange.
Furthermore, by including the NLO vertex in Eq. (13)
and also the exchanges of the vector mesons and nucleon,
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the amplitude of ln → lna clearly does not vanish. Thus,
the more complete lepton–nucleus cross sections
should also include the effects from the neutrons inside
the nucleus, apart from those of the protons. Following
the coherent picture, a naive way to construct the
full lepton–nucleus amplitude would be Ml−nucleus ¼
ZpMtotal

l−proton þ ZnMtotal
l−neutron, where the total lepton–

nucleon amplitudes Mtotal
l−proton and Mtotal

l−neutron should con-
tain all the contributions from the three types of exchanges
of photon, nucleon, and vector mesons in Eq. (20).
However, when summing the spins for the interference term
of ZpZnðMtotal

l−protonM
total;�
l−neutron þMtotal

l−protonM
total;�
l−neutronÞ aris-

ing from amplitude squared in the calculation of the lepton–
nucleus cross sections, the formation details of the nucleus,
such as the spin states of the protons and nucleons inside
the nucleus, will generally be needed. Inclusion of such
effect in the lepton–nucleus cross section clearly deserves an
independent work which is beyond the scope of the
present one. For simplicity, we will simply neglect the
interferences of the proton and neutron amplitudes. In
this case, the lepton–nucleus cross sections will be given
by σl−nucleus ¼ Z2

pσl−proton þ Z2
nσl−neutron, where the cross

sections of σl−proton=σl−neutron are determined by the total
amplitudes Mtotal

l−proton=M
total
l−neutron, respectively.

III. PHENOMENOLOGICAL DISCUSSIONS

A. Phase space for the lN → lNa process

Before the phenomenological discussions, we first
briefly discuss the way to calculate the phase space of
the 2 → 3 scattering. For the lðp1ÞNðp2Þ →
lðp3ÞNðp5Þaðp4Þ process, it is convenient to work in
the center of mass (CM) frame of the incoming lepton (p1)

and the nucleon (p2). We illustrate the adopted kinematics
in Fig. 2. For the quantity defined in the CM frame of the
outgoing lepton (p3) and nucleon (p5), we will introduce an
asterisk to distinguish them from those in the CM frame of
the incoming particles.
The quantity θ corresponds to the scattering angle

between the three momenta of p⃗1 and p⃗4 in the CM frame
of the incoming particles. We use θ� and φ� to denote the
polar and azimuthal angles, respectively, of the outgoing
lepton with p3, in the CM frame of the outgoing lepton and
nucleon with p3 and p5. With these notations, the momenta
in the two different CM frames can be written as

p1c ¼
�
E1; 0; 0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
1 −m2

1

q �
;

p2c ¼
�
E2; 0; 0;−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
2 −m2

2

q �
;

p�
3c ¼

�
m2

35 þm2
3 −m2

5

2m35

; qCM35 sin θ� cosφ�; qCM35 sin θ� sinφ�; qCM35 cos θ�
�
;

p�
5c ¼

�
m2

35 þm2
5 −m2

3

2m35

;−qCM35 sin θ� cosφ�;−qCM35 sin θ� sinφ�;−qCM35 cos θ�
�
; ð21Þ

where mi correspond to the masses of the particles with momenta pi, and other relevant quantities are given by

qCM35 ¼ λðm35; m3; m5Þ
2m35

; m35 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp3 þ p5Þ2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sþm2

4 − 2
ffiffiffi
s

p
E4

q
;

s ¼ ðp1 þ p2Þ2; λðx; y; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x4 þ y4 þ z4 − 2x2y2 − 2x2z2 − 2y2z2

q
: ð22Þ

From the expressions of p�
3c and p�

5c in Eq. (21), one can determine the corresponding expressions of p3 and p5 in the
CM frame of the incoming particles by performing the Lorentz boost and rotation through

FIG. 2. Illustration of the kinematics in the CM frame of the
incoming particles for the lðp1ÞNðp2Þ → lðp3ÞNðp5Þaðp4Þ
reaction.
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p3c ¼ Rotyðθ þ πÞ · BoostzðβÞ · p�
3c;

p5c ¼ Rotyðθ þ πÞ · BoostzðβÞ · p�
5c; ð23Þ

with

BoostzðβÞ ¼

2
6664

γ 0 0 γβ

0 1 0 0

0 0 1 0

γβ 0 0 γ

3
7775;

RotyðθÞ ¼

2
6664
1 0 0 0

0 cos θ 0 sin θ

0 0 1 0

0 − sin θ 0 cos θ

3
7775; ð24Þ

and

β¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1−

1

γ2

s
; γ ¼ E35

m35

; E35 ¼
sþm2

35−m2
4

2
ffiffiffi
s

p : ð25Þ

The momentum of the axion in the CM frame of the
incoming particles is simply given by

p4c ¼ p1c þ p2c − p3c − p5c ≡ ðE4; p⃗4Þ: ð26Þ

Following the standard convention for the calculation of
the 2 → 3 phase space [47], after integrating out the
azimuthal angle of φ in the CM frame of the incoming
particles, the cross section of the lðp1ÞNðp2Þ →
lðp3ÞNðp5Þaðp4Þ can be written as

σ ¼ 1

64ð2πÞ4
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðp1 · p2Þ2 −m2
em2

p

q
×
Z

Emax
a

ma

dEa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
a −m2

a

q Z
π

0

dθ sin θ

×
Z

π

0

dθ� sin θ�
Z

2π

0

dφ� λðm35; m3; m5Þ
m2

35

jMj2; ð27Þ

where the amplitude squared jMj2 has been evaluated with
the spin average/sum of the initial/final states. Notice that
we have used Ea andma to replace the notations E4 andm4

in Eq. (27), and the maximum value of the former quantity
in the kinematically allowed region is

jp⃗ajmax ¼ λð ffiffiffi
s

p
; m3 þm5; maÞ

2
ffiffiffi
s

p ;

Emax
a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðjp⃗ajmaxÞ2 þm2

a

q
: ð28Þ

The relations in Eqs. (21)–(26) are used to express jM̄j2 in
terms of the integration variables of Ea, θ, θ�, and φ�
in Eq. (27).
In the following discussions, we will separately study the

impacts of the nucleon–, photon–, and vector–meson
exchanges on the (differential) cross sections, so that
one can clearly discern the relative importance of different
contributions.

B. Differential cross sections with respect to various
angles and axion energy

In this section, we investigate the differential cross
sections as functions of various angles as mentioned above
and also the axion energy. Since the chiral EFT is expected
to be only reliable in the low-energy region, not far away
from the production threshold, we fix the CM energy of the
incoming lN at

ffiffiffi
s

p ¼ 1.2 GeV when studying the differ-
ential cross sections.
We first focus on the electron case. The differential cross

sections for the proton target with respect to the axion

(a) (b)

FIG. 3. Differential cross sections evaluated with the full amplitudes as a function of axion energy Ea for the ep → epa process at
ma ¼ 0.1 GeV (a) and 10−6 GeV (b).
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energy Ea at two different axion masses with ma ∼ 0 and
ma ¼ 100 MeV are given for both the KSVZ and DFSZ
models in Fig. 3. For the model-dependent axion param-
eters in the DFSZ case, we fix E=N ¼ 44=3 for the axion
two-photon coupling and sin2 β ¼ 1=2 for the preexisting
axion–quark coupling, both of which values will also be
taken in Fig. 4 for the differential cross sections of the
ep → epa process with respect to the angles φ�; θ�, and θ.
In the latter figure, we show the results for two axion
masses at ma ∼ 0 and ma ¼ 100 MeV as well. For illus-
tration, the total cross sections of the ep → epa reaction as
a function of s withma ¼ 100 MeV are shown in Fig. 5 for
both the KSVZ and DFSZ cases. Similar magnitudes and
trends of the curves in the ep → epa process are observed
for the two different axion models.
In order to analyze the effects of different mechanisms

illustrated in the Feynman diagrams of Fig. 1, we separately
calculate the differential distributions contributed from
each individual exchange of different particles, including
photon, nucleon, and vector resonances, namely the ampli-
tude M in Eq. (27) will be correspondingly taken as Ma1,
Mb þMc,Ma2 þMa3 in order. The resulting curves are
shown in Figs. 6–9 for the distributions of ϕ�, θ�, θ, and Ea,
respectively. In order not to overload the figures, we only
show the results from the KSVZ model. In this case, the
proton exchange via the gaNN vertices gives the dominant

contributions in the four types of distributions in Figs. 6–9.
The contributions from the exchanges of vector resonances
and photon are respectively around 1 and 2 orders of
magnitude smaller than that of the nucleon exchange. It is
pointed out that the magnitudes from different mechanisms
are subject to the axion model setups. However, the line
shapes of the curves corresponding to different types of
particle exchanges remain robust. For the distributions with
respect to φ�, different types of particle exchanges lead to
rather similar line shapes, i.e., they all give prominent
contributions around the region with φ� → 0, as shown in
Fig. 6, implying that the φ� distribution is not a proper
quantity to distinguish different microscopic mechanisms
in the ep → epa process. In contrast, the distributions with
respect to θ�, θ, and Ea are found to be able to provide
useful quantities to distinguish different mechanisms
among the exchanges of photon, nucleon, and vector
resonances, since the three types of particle exchanges
lead to apparently distinct line shapes as shown in
Figs. 7–9. We verify that by taking the inputs of the
DFSZ model as explained previously, qualitatively similar
conclusions can be obtained. It is pointed out that the
automation toolkit, MadGraph [59], has been exploited to
compute the various differential cross sections for the
purpose of cross-checking the results presented in this
work. Themodel description of the electron-proton-axion.fr

(a) (b) (c)

FIG. 4. Differential cross sections dσ=dφ� (a), dσ=dθ� (b), and dσ=dθ (c) for ep → epa, evaluated with full amplitudes and plotted
against the cosine of the corresponding angle.

(a) (b)

FIG. 5. Total cross sections for ep → epa (a) and en → ena (b) with ma ¼ 0.1 GeV.
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(a) (b)

(c) (d)

FIG. 7. Differential cross section dσ=dθ� with respect to cos θ� for ep → epa in the case of the KSVZ model, evaluated for different exchange
mechanisms: photon exchange (a), proton exchange (b), combined ρ0 and ω exchanges (c), and the full amplitude including all exchanges (d).

(a) (b)

(c) (d)

FIG. 6. Differential cross section dσ=dφ� with respect to cosφ� for ep → epa in the case of the KSVZ model, evaluated for different exchange
mechanisms: photon exchange (a), proton exchange (b), combined ρ0 and ω exchanges (c), and the full amplitude including all exchanges (d).
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(a) (b)

(c) (d)

FIG. 8. Differential cross section dσ=dθ with respect to cos θ for ep → epa in the case of the KSVZ model, evaluated for different exchange
mechanisms: photon exchange (a), proton exchange (b), combined ρ0 and ω exchanges (c), and the full amplitude including all exchanges (d).

(a) (b)

(c) (d)

FIG. 9. Differential cross section dσ=dEa with respect to Ea for ep → epa at ma ¼ 10−6 GeV in the case of the KSVZ model, evaluated for different
exchange mechanisms: photon exchange (a), proton exchange (b), combined ρ0 and ω exchanges (c), and the full amplitude including all exchanges (d).
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file can be acquired via the link in [60]. We find that the
outputs of MadGraph with separate contributions from the
exchanges of nucleon and vector mesons are in excellent
agreementwith our own calculations, whileMadGraph’s result
for the photon exchange shows a large uncertainty that is
more than 30%.
Then, we explore the phenomenological results for ALP

production in the electron–neutron case. A striking differ-
ence from the proton target case is that the exchanges of
vector mesons dominate the en → ena process. To visu-
alize this phenomenon, the differential cross sections with
respect to cos θ are taken as an example in Fig. 10, where
we separately analyze results from different types of
particle exchanges. The magnitudes of the vector meson
exchanges are more than 3 orders larger than those from the
exchanges of photons and nucleons in the KSVZ case; the
reason is that the axion–neutron coupling gann happens to
be rather small in the KSVZ model. In the DFSZ case, the
model-dependent part of the axion–neutron coupling
becomes sizable and it leads to similar magnitudes with
the vector meson exchanges, as shown in Fig. 11. The
differential cross sections by taking the full amplitudes with
respect to Ea for the axion masses at ma ∼ 0 and 100 MeV
are given in Fig. 12, and the distributions with respect to φ�,
θ�, and θ are illustrated in Fig. 13. Compared with the
results of the proton target case in Figs. 3–5, the magni-
tudes of various differential cross sections in the neutron

channel are more than 1 order smaller. By taking the ansatz
of σl−nucleus ¼ Z2

pσl−proton þ Z2
nσl−neutron discussed previ-

ously and the electron–nucleon cross sections illustrated in
Fig. 5, one can give a rough estimation of the electron–
nucleus total cross sections for various targets in the low
energies. For example, when taking tungsten (W) as the
target, i.e., Zp ¼ 74 and Zn ¼ 110, the corresponding cross
section of eþW → eþW þ a with the CM energy of the
incoming electron at 0.3 GeV (corresponding to the energy
of the initial eN system at

ffiffiffi
s

p ¼ 1.2 GeV) would be at a
level of around 0.8–1.0μb·GeV2=f2a. Following the same
recipe, we also estimate the cross section of the axion
photoproduction off the tungsten nucleus target by taking
the results of axion photoproduction off the nucleon, i.e.,
the γ þ N → N þ a, from Ref. [33] as inputs. The cross
section of γ þW → W þ a with the CM energy of the
incoming photon at 0.3 GeV (corresponding to the energy
of the initial γN system at

ffiffiffi
s

p ¼ 1.2 GeV) lies in the range
of 190–360μb · GeV2=f2a, which is 2 orders of magnitude
larger than that of the eþW → eþW þ a process. The
comparison of the eþ A → eþ Aþ a and γ þ A → Aþ a
cross sections could provide relevant criteria to
discriminate the relative importance of the two mecha-
nisms, leveraging track-length information from different
materials [29].
Next, we briefly discuss the results when replacing

the incoming electron with muon. Generally speaking,

(a) (b)

(c) (d)

FIG. 10. Same as Fig. 8 but for en → ena.
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(a) (b)

(c) (d)

FIG. 11. Same as Fig. 8 but for en → ena in the case of the DFSZ axion model.

(a) (b)

FIG. 12. Same as Fig. 3 but for en → ena.

(a) (b) (c)

FIG. 13. Same as Fig. 4 but for en → ena.
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the trends of various curves of the differential cross
sections are similar to those in the electron case. As
expected, the magnitudes of the μN → μNa cross
sections are much smaller than those of the electron
case in the low-energy regions, due to the phase space
suppression. To be specific, we illustrate the Ea dis-
tributions in Figs. 14 and 15 for μp → μpa and
μn → μna, respectively, which are obtained by taking

the CM energy at
ffiffiffi
s

p ¼ 1.2 GeV. With the same CM
energy, the differential cross sections with respect to the
cosines of various angles by taking the full amplitudes
are given in Figs. 16 and 17 for μp → μpa and μn →
μna processes, respectively. To avoid overcrowding the
discussion with excessive figures, we omit showing the
various differential cross sections by separately includ-
ing the individual exchanges of the photon, nucleon,

(a) (b)

FIG. 14. Same as Fig. 3 but for μp → μpa.

(a) (b)

FIG. 15. Same as Fig. 3 but for μn → μna.

(a) (b) (c)

FIG. 16. Same as Fig. 4 but for μp → μpa.
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and vector mesons, since they roughly exhibit behaviors
qualitatively similar to the electron situation.

IV. SUMMARY AND CONCLUSIONS

We have carried out a thorough study of the ALP
production from low-energy lepton–nucleon scattering
processes, i.e., lN → lNa, with N the proton and neutron.
Three different types of interaction vertices, including
ALP–nucleon–nucleon, ALP–photon–photon, and ALP–
photon–vector meson, are simultaneously taken into
account in our study. Chiral effective field theory is
employed to construct these three types of interaction
operators. Extensive inputs from the lattice QCD and
hadron phenomenological studies are taken to constrain
the unknown hadron-related couplings, so that we are only
left with the unknown ALP parameters, e.g., fa and ma in
the KSVZ case and additional ones with tan β and E=N in
the DFSZ case. Since fa appears as a global factor in all the
amplitudes, we have multiplied the (differential) cross
sections by f2a in the phenomenological discussions. By
taking two different ALP masses at ma ∼ 0 and
ma ¼ 100 MeV, our study shows that the differential
and total cross sections are mildly affected by the ALP
masses. The relative strength of different ALP interaction
vertices is found to be rather different in the proton and
neutron channels. Generally speaking, the vector resonance
exchanges play important roles in the ln → lna process

regardless of the KSVZ or DFSZ models, while in the
lp → lpa process, the dominant contributions are given
by the nucleon exchanges via the ALP–proton–proton
coupling, and the exchanges of vector meson resonances
and photons can be around 1 or 2 orders smaller depending
on different axion model setups. Not only can the three
different types of ALP couplings lead to different magni-
tudes, but also they cause rather distinct line shapes with
respect to the various angles and ALP energy. It is hoped
that the sophisticated low-energy chiral amplitudes for the
lN → lNa processes calculated in this work can provide
useful inputs and theoretical constraints for related future
studies.

ACKNOWLEDGMENTS

This work is funded in part by the Natural Science
Foundation of China (NSFC) under Grants No. 12475078,
No. 12150013, No. 11975090, and No. 12047503; the
Postdoctoral Fellowship Program of the China Postdoctoral
Science Foundation under Grants No. GZC20232773 and
No. 2023M74360; and the Science Foundation of Hebei
Normal University with Contract No. L2023B09.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [60].

[1] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).

[2] R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791
(1977).

[3] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[4] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[5] J. E. Kim and G. Carosi, Rev. Mod. Phys. 82, 557 (2010);

91, 049902(E) (2019).

[6] P. W. Graham, I. G. Irastorza, S. K. Lamoreaux, A. Lindner,
and K. A. van Bibber, Annu. Rev. Nucl. Part. Sci. 65, 485
(2015).

[7] I. G. Irastorza and J. Redondo, Prog. Part. Nucl. Phys. 102,
89 (2018).

[8] P. Sikivie, Rev. Mod. Phys. 93, 015004 (2021).
[9] K. Choi, S. H. Im, and C. Sub Shin, Annu. Rev. Nucl. Part.

Sci. 71, 225 (2021).

(a) (b) (c)

FIG. 17. Same as Fig. 4 but for μn → μna.

GUO, CAO, GUO, and ZHOU PHYS. REV. D 113, 034030 (2026)

034030-14

https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/RevModPhys.82.557
https://doi.org/10.1103/RevModPhys.91.049902
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1146/annurev-nucl-120720-031147
https://doi.org/10.1146/annurev-nucl-120720-031147


[10] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.
Rep. 870, 1 (2020).

[11] L. Cong et al., Rev. Mod. Phys. 97, 025005 (2025).
[12] M.Jiang,H.Su,Y.Chen,M.Jiao,Y.Huang,Y.Wang,X.Rong,

X. Peng, and J. Du, Rep. Prog. Phys. 88, 016401 (2025).
[13] J. Mans (LDMX Collaboration), EPJ Web Conf. 142, 01020

(2017).
[14] T. Åkesson et al., in Snowmass 2021 (2022), arXiv:2203

.08192.
[15] Y. Kahn, G. Krnjaic, N. Tran, and A. Whitbeck, J. High

Energy Phys. 09 (2018) 153.
[16] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.

D 88, 114015 (2013).
[17] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.

D 90, 014052 (2014).
[18] D. Banerjee et al., Phys. Rev. Lett. 123, 121801 (2019).
[19] D. Banerjee et al. (NA64 Collaboration), Phys. Rev. Lett.

125, 081801 (2020).
[20] Y. M. Andreev et al. (NA64 Collaboration), Phys. Rev. Lett.

126, 211802 (2021).
[21] H. Sieber, D. Banerjee, P. Crivelli, E. Depero, S. N.

Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, V.
Poliakov, and L. Molina Bueno, Phys. Rev. D 105,
052006 (2022).

[22] Y. M. Andreev et al. (NA64 Collaboration), Phys. Rev. Lett.
132, 211803 (2024).

[23] Y. M. Andreev et al. (NA64 Collaboration), Phys. Rev. D
110, 112015 (2024).

[24] H. Davoudiasl, H. Liu, R. Marcarelli, Y. Soreq, and S.
Trifinopoulos, J. High Energy Phys. 03 (2025) 046.

[25] R. Balkin, O. Hen, W. Li, H. Liu, T. Ma, Y. Soreq, and M.
Williams, J. High Energy Phys. 02 (2024) 123.

[26] D. P. Anderle et al., Front. Phys. 16, 64701 (2021).
[27] Q. Gao, D. Lin, H. Liu, and T. Ma, J. High Energy Phys. 06

(2025) 070.
[28] Y.-S. Tsai, Phys. Rev. D 34, 1326 (1986).
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