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Axionlike particles a (ALPs) that couple to the Standard Model gauge fields could be observed in the
high-energy photon scattering γN → Na off nuclei followed by the a → γγ decay. In the present paper we
describe the calculation of the ALP production cross section and the properties of this production. The cross
section formulas are implemented in the program for the simulation of events in the NA64 experiment, the
active electron beam dump facility at the CERN Super Proton Synchrotron. We study the prospects of the
NA64 experiment to search for ALP in the 10 MeV ≲ma ≲ 100 MeV mass range for the statistics
corresponding to up to 5 × 1012 electrons on target.
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I. INTRODUCTION

Axionlike particles (ALP) interacting with gauge bosons
of the Standard Model (SM) arise naturally in various well-
motivated SM extensions such as string theory [1–3] and
supersymmetry [4,5]. Being a pseudo Nambu–Goldstone
boson of spontaneously broken global Peccei–Quinn sym-
metry [6], ALP originally addressed the strong-charge
conjugation times parity problem [6–8]. More recently,
the interest in a new light and weakly coupled pseudoscalar
particle has been stimulated due to its relevance to the well-
motivated dark matter models [9–11].
The aim of the present work is to study the ALP

production in the electron fixed target experiment NA64
at the CERN Super Proton Synchrotron (SPS) through the
Primakoff reaction γN → Na. The NA64 (Fig. 1) is an
active beam dump facility with a significant potential to
probe various scenarios beyond the Standard Model. The
well-motivated dark sector of particle physics has been
already constrained by NA64 using the missing energy
signatures [12–16].
Probing pseudoscalar particles in the MeV-GeV mass

range by the beamdump facilities is becoming a hot topic for
experimental study. For instance, such planned experiments
as FASER [17], MATHUSLA [18], SHIP [19], CodexB
[20], SeaQuest [21] and LDMX [22] will be able to probe

long-lived ALPs [23,24] due to large distances between the
ALP production vertex and detector. In these experiments,
the ALP propagates typically along a distance of 10–100 m
before its decay. This implies that the above-mentioned
experimental facilities are sensitive to relatively small
couplings in the range 10−7 GeV−1 ≲ gaγγ ≲ 10−4 GeV−1.
On the other hand, the typical decay length in the NA64
experiment is several meters depending on the NA64
geometry configuration. Therefore, due to this shorter length
in this experiment it is possible to search for decays of ALPs
with gaγγ ≳ 10−4 GeV for sub-GeV ma. In addition, it is
possible to search for long-lived ALPs in the missing energy
signatures.
The paper is organised as follows. In Sec. II, we discuss

the properties of the ALP. In Sec. III, we review the ALP
production cross section in the Primakoff reaction. In
Sec. IV, we discuss the Monte Carlo (MC) simulation of
the ALP production in the NA64 experiment. In Sec. V, we
describe the ALP search strategy. In Sec. VI, we estimate
the expected sensitivity of the NA64 facility to the ALP for
the statistics up to 5 × 1012 electrons on target. We
conclude in Sec. VII.

II. THE ALP PROPERTIES

We consider the simplified setup [25] of ALP coupling
predominantly to photons:

Lint ⊃ −
1

4
gaγγaFμνF̃μν þ 1

2
ð∂μaÞ2 −

1

2
m2

aa2; ð1Þ

where Fμν denotes the strength of the photon field, and the
dual tensor is defined by F̃μν ¼ 1

2
ϵμνλρFλρ. We assume

throughout the paper that the effective coupling gaγγ and the
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ALP mass ma are independent. The pseudoscalar boson
coupled to photons (1) has the following decay width:

Γa→γγ ¼
g2aγγm3

a

64π
: ð2Þ

The decay length of the ALP is given by

la ≃ 4m
Ea

102 GeV

�
gaγγ

10−4 GeV−1

�
−2
�

ma

102 MeV

�
−4
; ð3Þ

where Ea is the ALP energy. The minimal decay length to
which the NA64 facility is sensitive is of the order of the
target thickness (0.5m). Therefore, from Eq. (3) one can
conclude that NA64 with a most used beam energy of
100 GeV is sensitive to the values of ALP coupling to
photons of the order of gaγγ ≳ 10−4 GeV−1.

III. CROSS SECTION

We first calculate the cross section of axions produced in
the Primakoff process γN → aN. The ALP production
amplitude is given by

M ¼ gaγγeFðq2Þϵμνλρϵμi ðpÞpλqρðPi þ PfÞν
1

q2
; ð4Þ

where p,Pi,Pf, and k are the four-momenta of the incident
photon, initial nucleus, final state nucleus, and the axion,
respectively; note that e is the electron charge. The internal
photon momentum is defined by q ¼ Pi − Pf. In Eq. (4)
we suppose that the nucleus has spin zero, thus the
corresponding nuclear-photon vertex is given by [26–29]

ieFðq2ÞðPi þ PfÞ:

The form-factor Fðq2Þ depends upon the value of momen-
tum transfer q2 ¼ −t and describes the elastic photon
scattering [30] as

FðtÞ ≈ Z

�
a2t

1þ a2t

��
1

1þ t=d

�
; ð5Þ

where a ¼ 111Z−1=3=me and d ¼ 0.164 GeV2A−2=3; here,
me is the mass of the electron and A is the atomic weight.
The inelastic form factor proportional to

ffiffiffiffi
Z

p
is small as

compared to (5) for the high-Z target material and thus
yields a subdominant contribution to the ALP production
that we neglect. The differential cross section of the elastic
processes γN → Na in the lab frame is given by

dσ ¼ 1

25π

1

E2
γMN

jMj2dEa; ð6Þ

where Eγ is the incoming photon energy, and MN is the
mass of the nucleus. The amplitude squared (see, e.g.,
Eq. (4) for details) averaged over the initial photon polar-
izations is given by

jMj2 ¼ 1

2

X
pol

jMj2

¼ g2aγγe2F2ðqÞM2
N

1

2t2

×

�
ð4E2

at − ðm2
a þ tÞ2Þ − 2Eatðm2

a − tÞ
MN

−
m2

at2

M2
N

�
;

ð7Þ

here, we use the FeynCalc package [31] of Wolfram
Mathematica [32] that carries out a summation in

jMj2 over dump indices. The resulting amplitude squared
is given by

jMj2 ≃ g2aγγe2F2ðtÞM2
N ×

1

2t2
ð4E2

at −m4
aÞ;

where we suppose that ma ≫ t and neglect the third and
fourth terms of Eq. (7) since the target nuclei are rather
heavy,MN ≫ ma andMN ≫

ffiffi
t

p
. The angle θa between the

incoming photon and the ALP can be derived from the
momentum conservation law. The latter implies the follow-
ing expression:

FIG. 1. NA64 configuration used for the search of ALP decays a → γγ.

DUSAEV, KIRPICHNIKOV, and KIRSANOV PHYS. REV. D 102, 055018 (2020)

055018-2



cos θa ¼
1

2jpajEγ
· ð2EaðEγ þMNÞ − 2EγMN −m2

aÞ: ð8Þ

For the NA64 experiment, we are mainly interested in high
energy photons produced by 100 GeVelectrons in the lead
target. This corresponds to small momentum transfers and
to small angles of ALP emission. In particular, we consider
the limit when ma ≪ Ea and θa ≪ 1, then Eq. (8) implies
that the photon energy can be expressed as

Eγ ≈ Ea þ
E2
aθ

2
a

2MN
þ m4

a

8MNE2
a
: ð9Þ

In this approach, the ALP energy can be rewritten as
follows:

Ea ≈ Eγ −
E2
γ θ

2
a

2MN
−

m4
a

8MNE2
γ
: ð10Þ

We note that one should not neglect the second term in
Eq. (10), which is naively associated with a typical angle of
ALP emission. In particular, from Eq. (10) it follows that
the momentum transfer squared can be approximated as

t ¼ −q2 ¼ 2MNðEγ − EaÞ ≈ E2
γ θ

2
a þ

1

4

m4
a

E2
γ
: ð11Þ

It is worth mentioning, however, that the realistic typical
angle of ALP production depends also on the properties of
atomic form factors (see, e.g., Eq. (17) below for details).
Finally, one can obtain the momentum transfer distribution
from Eqs. (6) and (11)

dσ
dt

¼ 1

23
· g2aγγαF2ðtÞ · 1

t2
ðt − tminÞ; ð12Þ

where tmin ¼ m4
a=ð4E2

γÞ. The differential cross section
dσ=dt has a peak at

t� ¼ 2tmin þ 1=a2; ð13Þ

which is associated with typical momentum transfers. In
the left panel of Fig. 2, we show dσ=dt as a function of t for
various masses ma and typical energies of incoming
photons Eγ. We note that the maximum allowed value of
momentum transfer is given by

qmax ¼
ffiffiffiffiffiffiffiffi
tmax

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MNðEγ −maÞ

q
:

For the typical threshold energy of interest Eγ > 50 GeV,
we have qmax ≫

ffiffiffiffiffiffiffi
tmin

p
. From the left panel of Fig. 2, it is

seen that the cross section of ALP production is highly
suppressed in the region of this value. This means that one
can set tmax ¼ ∞ in the integration of Eq. (12) over t. Thus,
the total cross section of the Primakoff process is

σtot ≃
1

23
g2aγγα

Z
∞

tmin

dt
t2
ðt − tminÞF2ðtÞ: ð14Þ

For the typical wide range of ALP masses, 20 MeV≲
ma ≲ 100 MeV and typical energies of photons,
50 GeV≲ Eγ ≲ 100 GeV, the parameters of lead form
factors (Z ¼ 82 and A ¼ 207) satisfy d ≫ tmin and
d ≫ 1=a2. Given that approach, one has the following
expression for the total cross section in the leading
logarithmic order:

σtot ¼
16πα

m3
a

· Γa→γγ ·
Z2

2

�
ln

�
d

1=a2 þ tmin

�
− 2

�
: ð15Þ

The total cross section depends rather weakly onma and Eγ

(see Fig. 3). Additionally, in Appendix the exact expression
for the total cross section in Eq. (14) is presented. One can
see from Eq. (A1) that Eq. (15) is a reasonable approxi-
mation of Eq. (14) with accuracy better than 1% for the lead

FIG. 2. Left: differential cross section versus momentum transfer squared. Right: differential cross section versus angle of ALP
emission. All cross sections are calculated for lead target and gaγγ ¼ 1 GeV−1.
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form factor and ultrarelativistic ALPs with sub-GeV
masses.
From Eqs. (6), (7), (10), and (11) we obtain

dσ ≈
1

m3
a
16παF2ðtÞΓa→γγ

θ3adθa
ðθ2a þ δ2aÞ2

; ð16Þ

where δa ≈m2
a=ð2E2

γÞ is a parameter that characterizes a
typical angle between the beam line and the ALP momen-
tum. This result coincides with [25,33,34]. We note that
dσ=dθa has a peak at

θ�a ≈
1

aEγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1þ a2tminÞ

q
: ð17Þ

This is a typical angle of the ALP (see the right panel of
Fig. 2). For a2tmin ≫ 1, it is proportional to δa, and for
a2tmin ≪ 1 it is scaled as ∝ 1=ðaEγÞ.

IV. CALCULATION OF THE
ALP YIELD IN NA64

In this section, we discuss the implementation of the
code for the MC simulation of the ALP production that uses
the formulas derived above in the full simulation program
based on GEANT4 [35] for the NA64 experiment [14].
The photons that can produce ALPs originate from the

bremsstrahlung radiation of electrons and positrons of the
electromagnetic shower from the primary 100 GeVelectron
beam absorbed in the target-calorimeter ECAL. The
Primakoff process of ALP production γN → aN in this
program can occur along with other SM processes for all
photons of the electromagnetic shower, if the photon
energy Eγ is above some threshold that corresponds to
the minimal detectable ALP energy.
Now we describe the calculation of the ALP signal in

NA64 at each step of the photon propagation in the target.
The number of ALPs produced at the ith photon’s step in
the electromagnetic shower is

NðiÞ
a ¼ ρNA

A
σtotðEi

γÞ × li; ð18Þ

where ρ is a density of the lead ECAL active target, A is the
atomic mass of the target, NA is Avogadro’s number,
σtotðEi

γÞ is the total cross section of ALP elastic interaction
with a nucleus (see, e.g., Eq. (15) for details), and li is the
step length of the photon in target.
In the simulation of signal samples, at each step of

tracing of a photon with the energy above threshold the
following actions (accept/reject scheme) are made:

(i) We randomly sample the variable u distributed
uniformly in the range [0, 1]; if u is smaller than
the a emission probability

Pemission ¼
ρNA

A
× σtotðEi

γÞ × li;

then the emission of a is accepted.
(ii) For each emitted a, we then generate the value of

Ea=Eγ and the angle of a with respect to the initial
photon according to the differential cross section
(Fig. 2), then we calculate the four-momentum of the
ALP. The value of Ea=Eγ is very close to unity
Ea=Eγ ≃ 1.

(iii) After production, the ALP decay is simulated
according to Eq. (2).

In order to simulate samples with sufficient total sta-
tistics, we used the CERN batch system. This production
process was automatized [36].

V. THE ALP SEARCH STRATEGY

We assumed the configuration of NA64 [16] initially
designed for the search for invisible decays of dark photons
A0, which is suitable as well for the ALP search (see Fig. 1).
In this configuration the electromagnetic calorimeter
(ECAL), which serves as an active target, is followed by
three modules of the hadron calorimeter (HCAL), denoted
as HCAL1, HCAL2, HCAL3. The 100 GeV beam of
electrons is cleaned from other particles by the two dipole
particle bending magnets (MBPL) and the synchrotron
radiation detector (SRD) to the level of 10−6. The momen-
tum of the incident electrons is measured with accu-
racy ≃1%.
Two distinct signatures of the ALP in the NA64 experi-

ment are possible. In the first signature (visible signature in
Fig. 4), the ALP decays in the second and third modules of
HCAL, the first module (HCAL1) serving as a veto. So we
required the energy deposition compatible with noise
in HCAL1 (below 1 GeV) and at least 15 GeV in
HCAL2 and HCAL3. In addition, the energy deposition
distributions in HCAL2 and HCAL3 should be compatible
with two nearly collinear photons from the ALP decay
a → γγ, very close to the electron beam axis because of
very small angles of the ALP emission. This means that

FIG. 3. Total cross section versus incident photon energy for
lead target and gaγγ ¼ 1 GeV−1.
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almost all energy (more than 95%) should be deposited in
the central cell of the HCAL modules. This is important for
the background suppression because hadronic showers are
usually much wider and deposit significant energy in
peripheric cells of HCAL. We also require that the energy
is conserved, taking into account the energy resolution of
calorimeters

jEECAL þ EHCAL − E0j≲ 10 GeV; ð19Þ

where EECAL and EHCAL are the energy depositions in
electromagnetic and hadronic calorimeters, respectively,
and E0 ≃ 100 GeV is the energy of primary electrons. For
this signature, we do not apply any additional cut on EECAL,
accepting all events that passed the normal hardware trigger
cut used in NA64 in all physical runs,

EECAL ≲ 80 GeV: ð20Þ

The corresponding signal box is shown in Fig. 5.
In the second signature (invisible signature), the ALP

decays beyond all subdetectors of NA64. This is the
missing energy signature of the ALP, the same that is
described in Refs. [13,16]. The selection criteria can be
found in the corresponding references. The most important
cuts are the upper ECAL energy cut and the requirement
of no energy deposition in all three HCAL modules,
HCAL1–HCAL3,

EECAL ≲ 50 GeV; EHCAL ≲ 1 GeV: ð21Þ

In the missing energy signature, the cut on the energy in the
ECAL is rather strict. This means that only shower photons
with the energy above 50 GeV can produce detectable
ALPs. This signature is shown in the right panel of Fig. 4.
The corresponding signal box is shown in Fig. 5.
Note that the background conditions in the visible

signature are much better, and for this reason it was
possible to relax the cut on EECAL to 80 GeV as compared

to the invisible one. Correspondingly, in this signature
photons with the energy as low as ≃20 GeV can produce
detectable ALPs. The flux of such photons is significantly
higher than thus above 50 GeV, detectable in the invisible
signature. For this reason, the contribution of the visible
signature to the total sensitivity of NA64 to ALPs is
significant. In the signal samples, we simulated the ALP
with the energy EALP > 18 GeV decaying beyond the
HCAL1 module, which includes also a → γγ decays far
from the NA64 detectors. The cuts corresponding to the
two signatures were applied during the processing of these
samples by the reconstruction program.

FIG. 4. NA64 design for the search for ALP decays a → γγ. Left panel corresponds to the visible signature in NA64, where ALPs
decay in the central cells of the hadron calorimeter 2 (HCAL) and HCAL3 with HCAL1 being a veto. Right panel is the invisible
signature in NA64, in which we search for decays a → γγ outside all NA64 subdetectors.

FIG. 5. Signal boxes for ALP searches at NA64. For the visible
signature, it is constructed according to the energy conservation
E0 ≃ EECAL þ EHCAL law. In the invisible signature, a small
energy in HCAL and a significant missing energy are required
Emiss ¼ E0 − ðEECAL þ EHCALÞ. Here, EHCAL ¼ EHCAL1 þ
EHCAL2 þ EHCAL3 is the total energy deposition in all HCAL
modules. For the illustrative purpose, we increase the signal box
of invisible signature by factor of 5 along the EHCAL axis.
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The background in the visible signature is caused mainly
by the punchthrough leading K0 and neutrons produced in
electronuclear interactions in ECAL [37]. The background
in both signatures is shown to be smaller than 0.2 events
[16,37], so that it can be neglected in the sensitivity
estimates since the difference from the background free
case is small. After the upgrade of the NA64 detector in
2020-2021 it will be further suppressed.
In the real experiment, the simultaneous statistical

analysis of both signatures is to be performed. However,
for the sensitivity estimation in the conditions of small
background, we can simply sum up the numbers of
expected signal events for visible and invisible signatures.

VI. THE EXPECTED SENSITIVITY OF NA64

Now we estimate the sensitivity of NA64 to ALPs. The
number of detectable ALPs can be written as

Na ¼
NEOT

NMC

X
i

NðiÞ
a exp ð−LðiÞ

D =lðiÞa ÞBða → γγÞ; ð22Þ

where NEOT is the number of electrons on target in the

experiment, NMC is the number of simulated events, LðiÞ
D is

the distance from the production point to the minimal

allowed decay point coordinate, and Zmin, l
ðiÞ
a is the ALP

decay length taking into account its Lorentz factor [see,
e.g., Eq. (3)]. Note that Zmin can be the end of HCAL1 or
the end of HCAL3 depending on the signature under study.
The typical lengths here are the lengths of the calorimeters
LECAL ¼ 45 cm and LHCALmodule ¼ 1.3 m. The typical
energy of the ALP in the Primakoff process is Ea ≈ Eγ ,
therefore, the ALP spectra are associated with the spectra of
shower photons in the dump.
In Fig. 6 we show the number of a → γγ decays as a

function of ALP coupling with photons. Assuming back-
ground free case and zero signal events observed at NA64,

we require 90% C.L. upper limit on the number of ALP
decays to be N90% ¼ 2.3 according to the Poisson statistics.
For each ALP mass ma, the range of couplings constrained
glowaγγðmaÞ < gaγγ < gupaγγðmaÞ is defined by inequality Na >
N90% (see Fig. 6). The values above gupaγγ correspond to
short-lived ALPs decaying prematurely, before reaching
the veto. The values below glowaγγ correspond to too small
signal yield. The resulting plot in Fig. 6 includes both
visible and invisible signatures.
In Fig. 7 we show the 90% C.L. sensitivity region of the

NA64 experiment in the ALP parameters space for the
background free case and the total number of 100 GeV
electrons on target NEOT ¼ 5 × 1012 in the mass range
10 MeV≲ma ≲ 100 MeV. The additional inefficiency of
the detector due to instrumental effects not included in the
MC-simulation is assumed to be negligible. It was below
20% in the published result [37] and will be significantly
decreased after the detector upgrade in 2020-2021.
These results demonstrate that the NA64 experiment is

capable to probe the ALP coupling with photons in the
range 5 × 10−5 GeV−1 ≲ gaγγ ≲ 10−3 GeV−1.

VII. CONCLUSION

In the present manuscript, we have studied the
prospects of the fixed target experiment NA64 that uses
the electron beam at the CERN SPS to search for axionlike
particles. In particular, we have studied the properties of the
ALP production in the Primakoff reaction γN → Na and its
decay. We have implemented the ALP production cross

10-1

100

101

102

103

104

10-5 10-4 10-3 10-2

N
si

gn
al

ga���� [GeV-1]

ma=15 MeV

ma=30 MeV

ma=60 MeV
Nsign < N90% CL=2.3

ma=100 MeV

FIG. 6. Number of signal events as a function of gaγγ for
NEOT ¼ 5 × 1012.

FIG. 7. The expected 90% C.L. sensitivity region of NA64 to
the ALP production in the Primakoff process γN → aN followed
by the decay into photon pairs a → γγ (solid blue line). The limits
for E137 [33], CHARM [38], NuCal [39], BABAR [40], E141
[41], LEP [42] (eþe− → γγ) and PrimEx [43] are taken from
Refs. [44–46]. Recent bounds on ALPs from BELLEII [47] are
shown by grey region. We also show the expected limits for
FASER [48], NA62 [45], SeaQuest [21], and SHIP [25].

DUSAEV, KIRPICHNIKOV, and KIRSANOV PHYS. REV. D 102, 055018 (2020)

055018-6



sections and the process of its decay in the NA64
simulation program based on the GEANT4 toolkit. We have
calculated the expected sensitivity to the ALP of the
NA64 experiment and have shown that it potentially
allows to examine the unexplored region in the parameter
space 5×10−5GeV−1≲gaγγ≲10−3GeV−1 and 10 MeV≲
ma ≲ 100 MeV, if the statistics corresponding to NEOT ¼
5 × 1012 electrons on target are accumulated.
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APPENDIX: EXACT FORMULA FOR THE
TOTAL CROSS SECTION

The full analytical expression for the integral (14) is

σtot¼
16π2

m3
a
Γa→γγ

Z2

2

d2

ðd−1=a2Þ3

×

�
ðdþ2tminþ1=a2Þlog

�
dþ tmin

1=a2þ tmin

�
−2dþ2=a2

�
:

ðA1Þ

For the parameter space of interest, d ≫ 1=a2 and
d ≫ tmin, the difference between the analytical (A1) and
approximate expressions (15) is below 1%.
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