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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 /N — £Na processes, £ 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 g,yy, axion—photon—photon coupling
Jayy» and axion—photon-vector meson resonance couplings g,,, and g,,q,. 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 /N — #Na 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.

DOI: 10.1103/pw8q-xknh

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. [S—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.
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The fundamental process in the lepton fixed-target or
beam-dump experiments is the lepton—nucleon scattering,
that is, /N — ¢N. The ALP production process in these
kinds of experiments is given by #/N — £Na. 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 /N — ¢Na
processes [27-32]. As a novelty, we push forward in this
work the investigation of the /N — £Na processes in two
main aspects. First, chiral effective field theory (EFT) will
be employed to calculate the /N — £Na amplitudes, by
incorporating the axion—nucleon interaction vertex up to
O(p?), 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 Vay interacting
vertices with V = p and w, which have been demonstrated
to be dominant in the axion photoproduction amplitude off
the neutron target [33] and eTe™ — wa [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 /N — ZNa 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 /N — £Na 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 /N —
¢ Na 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 ¢N — ¢Na
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 U(1) 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

1 1
—gMyq + —dﬂaé"a - 5’"2.0‘12

l/ PQ
. 8EZGWG” 7. W

ALP __
Lacp = Locpo

where Locp is the standard QCD Lagrangian in the
chiral limit; the light-flavor quark matrix is M, =

diag{m,,mg,m}; G,,;, and G, ; = %eﬂwﬂG?ﬂ stand for
the gluon field tensor and its dual, with i the color indices,
and a; corresponds to the strong coupling constant of QCD.
We use the convention €j,3 = +1 for the Levi-Civita
tensor €, throughout this work. The ALP decay constant
is denoted by f,, and the bare ALP mass m,, can be
considered as an additional U(1) PQ symmetry-breaking
term. The preexisting axion—quark interaction term is
described by the PQ quark current,

L2 = qr,r5X,4. (2)

where only the diagonal matrix X, = diag(X,, X, X,) in
the flavor space will be assumed. The anomalous axion—
gluon interaction, i.e., the aGG 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

ngvz =0,

1 1
XDFSZ — gsin2 B, XDESZ — gcos2 B, (3)

where tan § = v, /v, 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 aGG term in Eq. (1). One way
to explicitly calculate such contribution is to perform
the axial transformation of the quark fields ¢ —
exp (iys T Q,)q with the constraint Tr(Q,) = 1. This
procedure introduces several new terms to the original
Lagrangian in Eq. (1), one of which exactly cancels with
the GG in Eq. (1). The remaining modifications from such
procedure are

Mq—>/\/la:exp< Zf >M exp( 2f ) (4)

2 = 74 =12 = 37,1544 (5)

After the axial quark transformation ¢ — exp (iys T Q.)q,
the original Lagrangian in Eq. (1) becomes

1 1
ESIC‘[];' Locpo + o,adta——m; Oa

a
unq+2fa i

(6)

where the quantities M, and J§ are given in Egs. (4) and
(5), respectively. To proceed with the calculation, an
explicit realization of the matrix Q, needs to be provided
and a frequently used form proposed in Ref. [42] is
given by
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M
- d' 17’ b
Q= TTMT T tz4w iag(1,z,w)
m m
E—— —_4 7
(z md,w ms>’ (7)

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 O(p?) involving ALP and nucleon read

‘szll\z :N<iD_mN +%A14}’5 +%ﬁi]’5>N7 (8)

% N(—F;;—%—Tr[F“L])U””N, (9)
8my 8my

where the superscripts (1) and (2) denote the chiral

orders, the covariant derivative is D, = 9, — ieQyA,,

with A, the photon field and Qy = diag{1,0} the

electric charge matrix of the nucleon doublet, F), =

2¢Qn(0,A, — 0,A,), and the isotriplet and the isosinglet
components of the axial-vector currents take the form u, =
dua % in order, with

Cyu—d~r- f 75 and u i=(utd.s) = Ci=(utd.s) 7,
1 1+z
=X, xX;——,
Cutd 2( w 1+z+w>
w
co =X, ——mm. 10
1+z4+w (10)

To define the nonperturbative matrix elements Ag via
(N|gr"ysq|N) = s#Aq, with s# the nucleon (N) spin vector
[43], one can express the isotriplet (g4) and isosinglet
(gh™""**) axial-vector nucleon couplings in terms of Ag
as gy = Au—Ad, gt = Au+ Ad, g = As. From the
Lagrangian in Eq. (8), the ALP-nucleon couplings can
be acquired via f,guvy = gaCu_a? + ghc;1, whose
explicit expressions for proton and neutron are [43—45]

Au+ zAd +wAs
fagapp:_ l+z 4w +AMXM+AdXd+ASXS,
(11)
A Ad A
FaGamn = =~ utrAdrw * AdX, + AuXy + AsX,.

I+z+w
(12)

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

Au = 0.847(50), Ad = —0.407(34), As = —0.035(13).
The FLAG average values for the light-quark masses [46]
will be also used to determine z = 0.485(19) and w =
0.025(1) appearing in Eq. (7). In the KSVZ case, i.e.,
X,=X,;=X,=0, the coupling strength of the ALP
and proton is f,g,,, = —0.430(36), which is much
larger than the ALP-neutron coupling with f,9.., =
—0.002(30). Nevertheless, such a conclusion may be
highly sensitive to the inclusion of the model-dependent
parameters X, ;.

Regarding the low-energy constants (LECs) c¢g and
c¢; in Eq. (9), their values can be determined by
Ce = K, — K, C7 = Kk,, where k, and x, stand for the
anomalous magnetic moments of proton and neutron in
order. Using the PDG [47] central values «, = 1.793 and
k, = —1.913, one can obtain ¢4 = 3.706 and ¢; = —1.913.

For later convenience, we give the relevant Feynman
rules for the NNy and NNa vertices up to O(p?). For the
NNy vertices, its LO and NLO Feynman rules take the
form

e(CGQN+C7)UW

v =—
YNN.NLO 2y

",[ s
UyNNLO = ieQny", v

(13)

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

ga
WOy = =" gs, (14)

with ¢ the outgoing ALP momentum. The ALP-nucleon
couplings g,yn are defined in Eqs. (11) and (12). It is
noted that we have reshuffled the factor of f, into the
definition of the g,yy couplings, while the f, factor is
explicitly introduced in the vertex in Ref. [33]. We note
that the NNa interacting vertex does not appear at O(p?)
in the chiral EFT.

The anomalous ALP-photon interaction Lagrangian
reads

Farr = fa

where « is the electromagnetic fine structure constant, and
F,, and F 4w denote the photon field strength tensor and its
dual. The coupling C,,, receives both model-dependent and
-independent pieces. In a recent SU(2) chiral EFT calcu-
lation up to NLO, the value of the ALP—photon coupling is
determined to be C,, = £ —1.92(4) [43], where N and E
are the model-dependent QCD and QED anomaly coef-
ficients, and the number —1.92(4) corresponds to the
model-independent part. The SU(3) NLO calculation
predicts the model-independent part as —2.05(3) [48].
Recently, the model-independent part of the ALP—photon

C s ”FW = ga”,aF””FW, (15)
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coupling was also calculated in U(3) chiral EFT with the
prediction of —1.89(2), after including the linear isospin-
breaking effect [49,50].

In Ref. [33], it was demonstrated that the Vay types
of interacting vertices, with V the light-flavor vector
mesons p and w, can play important roles in the
yN — aN processes, especially for the neutron channel.
Therefore, one would expect that these kinds of inter-
actions will also manifest their roles in the #/N — ¢Na
processes. The evaluation of the Vay coupling has been
given in detail in Ref. [33], and we recapitulate the
derivation to set up the notations. The Vay interacting
vertex takes the form

MVa}/ = egVayeaﬂpaeg/(Q)G;ﬁ(k)qpkga (16)

where the Vay coupling is estimated using
Iay = D (p=r® pay) OapGvpys With 0,p the mixing factor
between ALP and the light pseudoscalar P, and gyp,
denotes the VPy coupling. We will adopt the mixing
forms 6,p from Ref. [51] in our calculation. For the V Py
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—Vy, Vo Py P—yy® as well as transitions
involving J/w and v/, ie., 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 6,p and gyp,, we
refer to Ref. [33] for further details. In the QCD axion

scenario, i.e., by setting X, = X, = X, = 0, the model-
independent parts for the couplings of g,0,, and g,,, by
taking the hadronic inputs from Ref. [55], are given by
fa9pqy = —0.132(20) and f,g,4, = —0.077(7) in the
case of m, = 0.

In order to include the Vay interaction in the /N — £Na
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

- N - G = -
Lyny = N(gonnbyu - T+ gonn®,)7*N + TPN/’W TN,
(17)

where 7 denotes the Pauli matrices and p,, = 9,5, — 9,p,.
For the values of the VNN couplings, the determinations of
gony = 3.25, goyy = 11.7, and G, = —=10.6 GeV~' from
the Jiilich model [57,58] will be used in our analysis. The
tensor coupling is conventionally set to zero in meson—
nucleon reaction studies [57,58].

B. Calculation of the #N — #Na
amplitudes

With the above preparations, we are ready to calculate
the Z(p,)N(p,) = ¢(p3)N(ps)a(p4) amplitudes, and the
corresponding Feynman diagrams are shown in Fig. 1.

By taking the interacting vertices in Eqgs. (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 /N — ZNa.
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M,
X 8y u(P1 = P3)Syne(Ps = P2).

= —iit(p3, me )Ty pu(pr.me)u(ps, my)Tony (ps = p2)u(pa, my)Tapy (Py = P3. Ps = P2)

i

M, = =iii(p3. mg)Uy ou(pr,me)i(ps, my)%, (ps = p2)u(pa.my)U5 (P1 = P3. Ps = P2)

X S}/,;w(pl - p3)S(p0),n(r(p5 - pZ)’

M, = =ii(ps, me)Uy s u(py, me)a(ps, my)Uoyyu(p2. my)om (P1 = P3, Ps = P2),

X Sy./uz(pl - pB)S(a)),rla(pS - p2)7

My, = —ia(p3, me)U,u(pr,me)a(ps, my)Cann(Pa)Sn(P1 + P2 — p3)Tiyn(P1 = p3)u(pa, my)

X Sy.;w(pl - p3)’

M, = —iu(p;, mf)r‘l;ffu(plamf)ﬁ(p& mN)FI;NN(Pl = p3)Sn(pPs = p1 + p3)lawn(pa)u(pa. my)

XS}/,/w(pl _p3)’ (18)
where
F";’JZV(piv pf) = 41'9,1},},5””’70]7,",,]7]{5,
Ya .
Lavn(q) = ——ZZVN qr’. I, = —iey",
. ceOpn + ¢
Tyn(q) = ie {QW" - (64N77) (g - W)] :
my
" 1 H G, H H
Doown (@) = i\ gonnr ==~ (r'd = 4v*)| .
I_‘I(j)NN = igonNT"s Fgg(w)ay(pi’ pf) = iegﬂo(w)aygﬂympi,upfﬁ’
Y —ig" i(k+ my)
S (k) = ———, Sy(k) = 5———5——,
/() K+ ie N() kz—m,z\,—i—ie
(eg) e
HY -\ A My R
S(po) (k) = S(w)(k) S omltie (19)

kz—mfz)o—l—ie’

The values of the various couplings, including
Gayy> 9aNN> Ip(@)NN > Ip(w)ay> NAVE been discussed previously.
The complete /N — £Na amplitude is given by the sum of
the individual terms

M = Mal + MaZ +Ma3 + Mb + Mc’ (20)

where M, represents the amplitude from the photon
exchange, M, and M,; are the results from the
exchanges of p and w in order, and M,, M, 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 Z, and neutrons Z,. When assuming the photon
exchange as the only contribution and further keeping the

|
LO yNN vertex in Eq. (13), the latter of which gives a

vanishing coupling for the neutron, one can obtain

—exchange,LO —exchangeLO .1 .
M s = ZpM gon - within  the coherent

picture, which basically sum the contributions from indi-

vidual protons inside the nucleus at the amplitude level. In
y—exchange,LO |2

this way, to take the amplitude squared |M_ - as
input will lead to the typical enhancement factor Zf, 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 £n — ¢na 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 M, ceus =

total total
Z,MPoion T ZuMZ euons  Where  the  total - lepton-—
: total total
nucleon amplitudes M £—proton and M2% ., 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 ZI’Zn (M?ia[l)mtonM?iﬂ:utmn + Mtoia;rotonM?iarll'cztron) 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 64 nucteus = Ziaf—proton + Z%zof—ncutrom where the cross
sections Of 64_poton/ O /—neunron are determined by the total

amplitudes M=/ Aq0@l

£—proton o eutron» FESPECtively.

III. PHENOMENOLOGICAL DISCUSSIONS
A. Phase space for the YN — £Na process

Before the phenomenological discussions, we first
briefly discuss the way to calculate the phase space of
the 2 —3 scattering. For the ¢(p;)N(p,) —
Z(p3)N(ps)a(ps) process, it is convenient to work in
the center of mass (CM) frame of the incoming lepton (p;)

Prc = <E2, 0, 0, E% - m%) N
. (mis+m3—m3
3c 2m35

2 2 2
 _ <m35+m5_m3
5¢

2m35

=

D5

FIG. 2. Illustration of the kinematics in the CM frame of the
incoming particles for the Z(p,)N(p,) = ¢(p3)N(ps)a(ps)
reaction.

and the nucleon (p,). We illustrate the adopted kinematics
in Fig. 2. For the quantity defined in the CM frame of the
outgoing lepton (p53) and nucleon (ps), we will introduce an
asterisk to distinguish them from those in the CM frame of
the incoming particles.

The quantity 6 corresponds to the scattering angle
between the three momenta of p; and p, in the CM frame
of the incoming particles. We use 6* and ¢* to denote the
polar and azimuthal angles, respectively, of the outgoing
lepton with ps, in the CM frame of the outgoing lepton and
nucleon with p; and ps. With these notations, the momenta
in the two different CM frames can be written as

L g5 sin 0% cos ¢*, g5 sin 6 sin @, ¢§M cos 9*> ,

,—g$M sin 0" cos ¢*, —g§M sin 0* sin ¢*, —¢$M cos 9*) , (21)

where m; correspond to the masses of the particles with momenta p;, and other relevant quantities are given by

cM __ A(m3s, m3, ms)
935 = —2 )
mss

s = (p1+ p2)*

Mmzs = \/(P3 + ps)? = \/S+m42t_2\/§E47

Mx.y.z) = \/ xt oyt 4 2t = 202y? - 2x27% - 2y% 72 (22)

From the expressions of p3, and ps, in Eq. (21), one can determine the corresponding expressions of p; and ps in the
CM frame of the incoming particles by performing the Lorentz boost and rotation through
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Pac = Rot, (0 + ) - Boost, (B) - pie.

Pse = Roty (0 + 7) - Boost, () - . (23)
with
rfy 0 0 yp
Boost,(§) 0 1 0 O
oost,(f) = ,
0 01 O
Ly 0 0 v
M1 0 0 0
0 cos® O sind
Rot, (6) = . (4
oty (6) 0 0 1 0 24
L0 —sind O cosd
and
1 E3s s+ m%s — m%
== 1 T = ;’ =T 5 /. 25
p A 35 2\/s (25)

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

Pac = Pic + Pac = P3c — Psc = (Ea. Pa). (26)

Following the standard convention for the calculation of
the 2 — 3 phase space [47], after integrating out the
azimuthal angle of ¢ in the CM frame of the incoming
particles, the cross section of the &(p;)N(p,) —
Z(p3)N(ps)a(py) can be written as

= ' 1
_ — KSVZ (a)
-
3 —— DFSZ
Ne)
=)
o
X
mﬁ
I
[}
o
0.0 ' '
0.12 0.16 0. 20
E, (GeV)

FIG. 3.
m, = 0.1 GeV (a) and 107 GeV (b).

I I
421 f(py - p2)? = 2,

B x
X dEa\/Eg—mf,/ dO sin 0
0

mg

T 2 j‘ -
x / 6" sin 0* / d¢*—(m35”?3’m5)|/\/1
0 0 m

35

o =

2 (27)

where the amplitude squared | M ? has been evaluated with
the spin average/sum of the initial/final states. Notice that
we have used E, and m, to replace the notations £, and ni,
in Eq. (27), and the maximum value of the former quantity
in the kinematically allowed region is

//{(\/E’ m3 + m57 mll)
25 ’

(1Pa|™)? + mg.

|max —

|Pa

En = (28)
The relations in Egs. (21)—~(26) are used to express |M|? in
terms of the integration variables of E,, 6, 0, and ¢*
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 #N at /s = 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

3_
| = = KSVZ (b)
=
3 DFSZ
5 -7 TN
~ Pl
'*; - o h
N L
o
B 7
< m, = 10° GeV
0006 0. 12 0.18
E, (GeV)

Differential cross sections evaluated with the full amplitudes as a function of axion energy E, for the ep — epa process at
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FIG. 4. Differential cross sections do/d¢* (a), do/d0* (b), and do/df (c) for ep — epa, evaluated with full amplitudes and plotted

against the cosine of the corresponding angle.

energy E, at two different axion masses with m, ~ 0 and
m, = 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 = 44/3 for the axion
two-photon coupling and sin? 8 = 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 ¢*, 8%, and 6.
In the latter figure, we show the results for two axion
masses at m, ~0 and m, = 100 MeV as well. For illus-
tration, the total cross sections of the ep — epa reaction as
a function of s with m, = 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 M,
My + M, M, + M in order. The resulting curves are
shown in Figs. 6-9 for the distributions of ¢*, 8%, 8, and E,,
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 g,yy vertices gives the dominant

o.15¢F — KSVZ (a)
—— DFSZ
=
$ 0.10
e}
S
Nq;‘“ 0. 05
g 0
0. 00 . . .
1.1 1.2 1.3 1.4
s (GeV?)

FIG. 5.

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 ¢, different types of particle exchanges lead to
rather similar line shapes, i.e., they all give prominent
contributions around the region with ¢* — 0, as shown in
Fig. 6, implying that the ¢* distribution is not a proper
quantity to distinguish different microscopic mechanisms
in the ep — epa process. In contrast, the distributions with
respect to 6%, 0, and E, 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. The model description of the electron-proton-axion.fr

o012 KSVZ- ()
—— DFSZ
e
[
< 0.008
el
S
:)_(:ﬁ
5 0. 004
0. 000
1.1 1.2 1.3 1.4
s (GeV?)

Total cross sections for ep — epa (a) and en — ena (b) with m, = 0.1 GeV.
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mechanisms: photon exchange (a), proton exchange (b), combined p° and @ exchanges (c), and the full amplitude including all exchanges (d).
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FIG. 10. Same as Fig.

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
agreement with our own calculations, while MadGraph’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 @ 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 g,,, 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 E, for the axion masses at m, ~ 0 and 100 MeV
are given in Fig. 12, and the distributions with respect to ¢*,
6%, and € 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

Neutron exchange
— (b) m, = 107" GeV
3 - =m, = 107° GeV
o _ - - T~
gl .--- \
AR \
(==
E M
)
o
o !
-1.0 -0.5 0.0 0.5 1.0
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15 T
Total
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7 N
S
S / N
Nq_‘m N
é 5_[ N .
B | N
© N
N
0 . . .
-1.0 -0.5 0.0 0.5 1.0

cos6

8 but for en — ena.

channel are more than 1 order smaller. By taking the ansatz
of O ¢—nucleus — Z%?Gf—proton + Z%tgf—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., Z, = 74 and Z,, = 110, the corresponding cross
section of e + W — e + W + a with the CM energy of the
incoming electron at 0.3 GeV (corresponding to the energy
of the initial eN system at /s = 1.2 GeV) would be at a
level of around 0.8—1.0ub-GeV?/f2. 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 y + N — N + a, from Ref. [33] as inputs. The cross
section of y + W — W 4 a with the CM energy of the
incoming photon at 0.3 GeV (corresponding to the energy
of the initial yN system at /s = 1.2 GeV) lies in the range
of 190-360ub - GeV?/f2, which is 2 orders of magnitude
larger than that of the e + W — e + W + a process. The
comparison ofthee + A - e+A+agandy+A > A+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,
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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 uN — uNa 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 E, dis-
tributions in Figs. 14 and 15 for up — upa and
un — una, respectively, which are obtained by taking
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the CM energy at /s = 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 yup — upa and pun —
una 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,
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FIG. 16. Same as Fig. 4 but for up — upa.
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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., /N — £Na, 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., f, and m, in
the KSVZ case and additional ones with tan f and E/N in
the DFSZ case. Since f, appears as a global factor in all the
amplitudes, we have multiplied the (differential) cross
sections by f2 in the phenomenological discussions. By
taking two different ALP masses at m,~0 and
m, = 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 £n — £na process

0.0 0.5 1.0 -0.5 0.0 0.5 1.0

cosf*

Same as Fig. 4 but for un — pna.

regardless of the KSVZ or DFSZ models, while in the
¢p — ¢pa 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
N — ¢Na processes calculated in this work can provide
useful inputs and theoretical constraints for related future
studies.
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