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Axion-like particles a (ALPs) that couple to the Standard Model (SM) gauge fields could be
observed in the high-energy photon scattering YN — Na off nuclei followed by the a — ~~ 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 SPS. We
study the prospects of the NA64 experiment to search for ALP in the 10 MeV < m, < 100 MeV
mass range for the statistics corresponding to up to 5 x 102 electrons on target (EOT).

I. INTRODUCTION

Axion-like particles interacting with gauge bosons of
the Standard Model (SM) arise naturally in various well
motivated SM extensions such as string theory [IH3] and
supersymmetry [4] [5]. Being a pseudo Nambu-Goldstone
boson of spontaneously broken global Peccei-Quinn sym-
metry [6], ALP originally addressed the strong-CP prob-
lem [6H8]. More recently the interest to a new light and
weakly coupled pseudo-scalar particle has been stimu-
lated due to its relevance to the well motivated Dark
Matter (DM) models [9HIT].

The aim of the present work is to study the ALP pro-
duction in the electron fixed target experiment NA64 at
the CERN SPS through the Primakoff reaction yN —
Na. The NA64 (Fig. |1) is an active beam dump fa-
cility with a significant potential to probe various sce-
narios beyond the Standard Model (BSM). The well-
motivated dark sector of particle physics has been al-
ready constrained by NA64 using the missing energy sig-

natures [12HI6].

Probing pseudo-scalar particles in the MeV-GeV mass
range by the beam-dump facilities is becoming a hot
topic for the experimental study. For instance, such
planned experiments as FASER [17], MATHUSLA [I§],
SHIP [19], CodexB [20], SeaQuest [2I] and LDMX [22]
will be able to probe long-lived ALP [23] 24] due to large
distances between the ALP production vertex and de-
tector. In these experiments 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
1077 GeV ™! < gary $107% GeV™'. On the other hand,
the typical decay length in the NA64 experiment is sev-
eral meters depending on the NA64 geometry configu-
ration. Therefore, due to this shorter length in this ex-
periment it is possible to search for decays of ALP with
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Gayy 2 10~* GeV for sub-GeV m,. In addition, it is pos-
sible to search for long-lived ALP in the missing energy
signatures.

The paper is organised as follows. In Sec. [ we discuss
the properties of ALP. In Sec. [[Tl] 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 es-
timate the expected sensitivity of NA64 facility to the
ALP for the statistics up to 5 x 102 electrons on target.
We conclude in Sec. [VTIl

II. THE ALP PROPERTIES

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

1 ~ 1 1
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where F),, denotes the strength of the photon field, and
the dual tensor is defined by F,W = %euu,\pFAp. We as-
sume throughout the paper that the effective coupling,
Jar~, and the ALP mass, m,, are independent. The pseu-
doscalar boson coupled to photons has the following
decay width
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JayyMa
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The decay length of ALP is given by

Ea Jaryy Mg —4
102 GeV (104 Gevl) <102 MeV) ’
(3)
where E, 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. 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 g4y, > 1074 GeV 1.

lg, ~ 4m
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FIG. 1: The NA64 configuration used for the search for ALP decays a — 7.
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FIG. 2: Left: differential cross-section versus momentum tranfer squared. Right: differential cross-section versus angle of ALP
emission. All cross-sections are calculated for lead target and gay = 1 GeV ™.

III. CROSS-SECTION

We first calculate the cross-section of axions produced
in the Primakoff process YN — alN. The ALP produc-
tion amplitude is given by

L 1
M= gaweF((IQ) Epvip ef(p) pA q"(Ps + Py) q_27 (4)

where p, P;, Py and k are the four-momenta of the inci-
dent photon, initial nucleus, final state nucleus and the
axion respectively, e is the electron charge. The inter-
nal photon momentum is defined by ¢ = P; — Py. In
Eq.@) we suppose that the nucleus has spin zero, thus
corresponding nuclear-photon vertex is given by [28-31]

ieF(qZ)(Pi + Pf).

The form-factor F(¢?) depends upon the value of momen-
tum transfer ¢2 = —t and describes the elastic photon

scattering [32]
a’t 1
Fit)~Z
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where a = 111Z~'/3 /m,, and d = 0.164 GeVZA~2/3 here
m, is the mass of electron and A is the atomic weight.
The inelastic form-factor proportional to v/Z is small as
compared to for the high-Z target material and thus
yields a subdominant contribution to the ALP produc-
tion that we neglect. The differential cross-section of the
elastic processes YN — Na in the lab frame is given by

1 1 —
IM|* dE,,
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where FE, is the incoming photon energy and My is the
mass of nucleus. The amplitude squared (see, e. g. Eq. @
for details) averaged over the initial photon polarizations
is given by
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FIG. 3: Total cross-section versus incident photon energy for
lead target and goy = 1 GeV ™.

here we use the FeynCalc package [33] of Wolfram

Mathematica [34] that carries out a summation in | M|
over dump indices. The resulting amplitude squared is
given by

MP = g2, PP (M3, x 5 (42— m),
where we suppose that m, > t and neglect the third
and fourth terms of Eq. since the target nuclei are
rather heavy, My > m, and My > Vt. The angle 6,
between the incoming photon and ALP can be derived
from the momentum conservation law. The latter implies
the following expression

1

———— (2E,(E,+ My) —2E, My —m?2). (8
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cosf, =

For the NA64 experiment we are mainly interested in
high energy photons produced by 100 GeV electrons in
the lead target. This corresponds to small momentum
transfers and to small angles of ALP emission. In partic-
ular, we consider the limit when m, < E, and 0, < 1,
then Eq. implies that the photon energy can be ex-
pressed as

E26? mi
F. ~ Ea —a‘a —_a
v oy T RayE? ©)

In this approach the ALP energy can be rewritten as
follows

E292 4
“vla _ Mo (10)
2My ~ SMyE?

E,~FE, —
We note that one should not neglect the second term in
Eq. which is naively associated with a typical angle
of ALP emission. In particular, from Eq. follows that

the momentum transfer squared can be approximated as

4
1m,
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Y

(11)

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. below for de-
tails). Finally, one can obtain the momentum transfer
distribution from Egs. @ and

d 1 1
7 _ 2 QF2(t) — (t—

E - ﬁ ! ga'y'y 12 (12)

where tyin = my/(4E2). The differential cross-section
do/dt has a peak at

t* = 2t pin + 1/a?, (13)
which is associated with typical momentum transfers. In
the left panel of Fig. [2| we show do/dt as a function of ¢
for various masses m, and typical energies of incoming
photons E,. We note that the maximum allowed value
of momentum transfer is given by

Qmaz:m: 2MN(EA/—ma).

For the typical threshold energy of interest £, > 50 GeV
we have ¢mer > ViEmin. 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 4, = 00 in the integration of Eq. over
t. Thus the total cross-section of the Primakoff process
is
oo

1 dt
Ttot = o e / (t = timin) F(t).

o) (14)

tmin

For the typical wide range of ALP masses, 20 MeV <
mg < 100 MeV and typical energies of photons,
50GeV < E, < 100 GeV, the parameters of lead form-
factors (Z = 82 and A = 207) satisfy d > ¢, and
d > 1/a®. Given that approach, one has the following
expression for the total cross-section in the leading loga-
rithmic order

16T A d
= P i (I |2 —2). (15
Otot 3 =775 (n{l/QZ‘thm] ) (15)

The total cross-section depends rather weakly on m, and
E,, see Fig.|3| Additionaly, in Appendix [A|the exact ex-
pression for the total cross-section Eq. (14)) is presented.
One can see from Eq. (Al]) that Eq. (15]) is a reasonable
approximation of Eq. (14) with accuracy better than 1%
for the lead form-factor and ultra-relativistic ALP with
sub-GeV masses.

From Egs. (6, (7). and we obtain
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FIG. 4: The NA64 design for the search for ALP decays, a — 7. Left panel corresponds to the Visible Signature in
NA64, where ALPs decay in the central cells of HCAL2 and HCAL3 with HCAL1 being a veto. Right panel is the Invisible
Signature in NA64, in which we search for decays a — 7 outside all NA64 subdetectors

where 8, ~ m?2/(2E2) is a parameter that characterizes
a typical angle between the beam line and the ALP mo-
mentum. This result coincides with [25H27]. We note
that do/df, has a peak at

1
92 ~ —\/ 3(1 + Gthin),

o (17)

This is a typical angle of ALP, see the right panel of
Fig. 2l For a®t,m > 1 it is proportional to d,, and for
a*tmin < 1 it is scaled as o< 1/(aE,).

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 pro-
gram based on GEANT4 [35] for the NA64 experiment [I4].

The photons that can produce ALP originate from
the bremsstrahlung radiation of electrons and positrons
of the electromagnetic shower from the primary 100
GeV electron beam absorbed in the target - calorime-
ter ECAL. The Primakoff process of ALP production
~¥N — aN in this program can occur along with other,
SM processes, for all photons of the electromagnetic
shower if the photon energy E, is above some threshold
that corresponds to the minimal detectable ALP energy.

Now we describe the calculation of the ALP signal in
NAG64 at each step of the photon propagation in the tar-
get. The number of ALP produced at the i-th photon’s
step in the electromagnetic shower is

_ pNa
A

where p is a density of the lead ECAL active target, A is
the atomic mass of the target, N4 is Avogadro’s number,

N®

O'tot(E,iy) X lz (18)
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FIG. 5: Signal Boxes for ALP searches at NA64. For the
Visible Signature it is constructed according to the energy
conservation Eg ~ Ercar + Encar law. In the Invisible
Signature a small energy in HCAL and a significant missing
energy are required Eniss = Eo — (Egcar + Ercar). Here
Encar = Eucar1 + Encare + Egcars 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 Excar axis.

Jtot(Ei) is the total cross-section of ALP elastic interac-
tion with a nucleus (see, e. g. Eq. for details), I; 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:
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FIG. 6: Number of signal events as a function of g.y for
Npor =5 x 10"

e we randomly sample the variable u distributed uni-
formly in the range [0, 1], if u is smaller than the a
emission probability

N )
Pemission = pTA X O'tot(E,lﬂ X lz

then the emission of a is accepted,

e for each emitted a we then generate the value of
E,/E, and the angle of a w.r.t. the initial photon
according to the differential cross section (Fig. ,
then we calculate the four-momentum of ALP. The
value of E,/E, is very close to unity, E,/E, ~ 1,

e after production the ALP decay is simulated ac-
cording to Eq..

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

V. THE ALP SEARCH STRATEGY

We assumed the configuration of NA64 [I6] initially
designed for the search for invisible decays of dark pho-
tons A’, which is suitable as well for the ALP search,
see Fig. [ In this configuration the target - calorime-
ter ECAL is followed by three modules of the hadron
calorimeter HCAL. The 100 GeV beam of electrons is
cleaned from other particles by the two magnets MBPL
and the synchrotron radiation detector SRD to the level
of 1076, The momentum of the incident electrons is mea-
sured with accuracy ~ 1%.

Two distinct signatures of ALP in the NA64 experi-
ment are possible. In the first signature (Visible Sig-
nature in Fig.[4]) the ALP decays in the second and third
modules of HCAL, the first module (HCAL1) serving as

1077
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FIG. 7: The expected 90 % C.L. sensitivity region of NA64
to the ALP production in the Primakoff process, YN — aN
followed by the decay into photon pairs a — ~7 (solid blue
line). The limits for E137 [26], CHARM [38], NuCal [39],
BaBar [40], E141 [41], LEP [42] (e*e™ — ) and PrimEx [43]
are taken from Refs. [44H46]. Recent bounds on ALPs from
BELLEII [47] are shown by grey region. We also show the
expected limits for FASER [48], NA62 [45], SeaQuest [2I] and
SHIP [25].

a veto. So we required the energy deposition compati-
ble with noise in HCAL1 (below 1 GeV) and at least 15
GeV in HCAL2 and HCAL3. In addition, the energy de-
position distributions in HCAL2 and HCAL3 should be
compatible with two nearly collinear photons from the
ALP decay a — 77, very close to the electron beam axis
because of very smal angles of the ALP emission. This
means that almost all energy (more than 95%) should
be deposited in the central cell of the HCAL modules.
This is important for the background suppression be-
cause hadronic showers are usually much wider and de-
posit significant energy in peripheric cells of HCAL. We
also require that the energy is conserved, taking into ac-
count the energy resolution of calorimeters:

|Epcar + Encar — Eo| $10 GeV, (19)

where Fpcar and Egcay are the energy depositions in
electromagnetic and hadronic calorimeters respectively,
Ey ~ 100 GeV is the energy of primary electrons. For this
signature we don’t apply any additional cut on Fgcar,
accepting all events that passed the normal hardware
trigger cut used in NA64 in all physical runs,

EECAL 5 80 GeV. (20)



The corresponding signal box is shown in Fig.

In the second signature (Invisible Signature) the
ALP decays beyond all subdetectors of NA64. This is
the missing energy signature of ALP, the same that is
described in Ref. [13] [16]. The selection criteria can be
found in the corresponding references. The most impor-
tant cuts are the upper ECAL energy cut and the require-
ment of no energy deposition in all three HCAL modules
HCALI1 - HCALS3,

Egcar <50 GeV, Eycar <1 GeV. (21)

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 de-
tectable ALP. This signature is shown in the right panel
of Fig.[d] The corresponding signal box is shown in Fig.

Note that the background conditions in the Visible
Signature are much better, for this reason it was possi-
ble to relax the cut on Egcar 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 ALP. The flux of such photons is significantly
higher than thouse above 50 GeV, detectable in the in-
visible 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 Fapp > 18 GeV decaying be-
yond the HCAL1 module, which includes also a — 7y
decays far from the NAG64 detectors. The cuts corre-
sponding to the two signatures were applied during the
processing of these samples by the reconstruction pro-
gram.

The background in the Visible Signature is caused
mainly by the punch-through leading Ky 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 back-
ground 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 the both signatures is to be performed. How-
ever, 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 signa-
tures.

VI. THE EXPECTED SENSITIVITY OF NA64

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

Ngor ; () 11(i
N, = =L N "N LY/ B 22
Narg 2 exp (=L /1)) Bla = 17), (22)

where Ngpor is the number of electrons on target in the

experiment, Ny;¢ is the number of simulated events, Lg)

is the distance from the production point to the minimal

allowed decay point coordinate Z,,;y, l[(f) is the ALP de-
cay length taking into account its Lorentz factor, see,
e. g. Eq. . Zmin can be the end of HCALIL or the
end of HCALS3 depending on the signature under study.
The typical lengths here are the lengths of the calorime-
ters Lpoar=45cm and Lycar module=1.3m. The typi-
cal energy of ALP in the Primakoff process is £, ~ E,,
therefore the ALP spectra are associated with the spectra
of shower photons in the dump.

In Fig. [] we show the number of a — vy decays as
a function of ALP coupling with photons. Assuming
background free case and zero signal events observed at
NA64 we require 90%CL upper limit on the number of
ALP decays to be Nggy, = 2.3 according to the Poisson
statistics. For each ALP mass m, the range of couplings
constrained gi2% (ma) < gayy < gi2, (mq) is defined by

avyy
inequality N, > Ngoy,, see Fig. |6} The values above ggl.
correspond to short-lived ALP decaying prematurely, be-
fore reaching the veto. The values below g!2% correspond

to too small signal yield. The resulting plot in Fig. [6] in-
cludes both visible and invisible signatures.

In Fig. [7]we show the 90% C.L. sensitivity region of the
NAG64 experiment in the ALP parameters space for the
background free case and the total number of 100 GeV
electrons on target Ngor = 5 x 102 in the mass range
10MeV < m, < 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 relult [37] and will be sig-
nificantly 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 x 107° GeV ™! < gory S1073 GeV L

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 axion-
like particles. In particular, we have studied the prop-
erties of the ALP production in the Primakoff reaction
YN — Na and its decay. We have implemented the
ALP production cross-sections and the process of its de-
cay in the NA64 simulation program based on the GEANT4
toolkit. We have calculated the expected sensitivity to
ALP of the NA64 experiment and have shown that it po-
tentially allows to examine the unexplored region in the
parameter space 5 x 1072 GeV ™ < gupy < 1072 GeV!
and 10MeV < m, < 100 MeV if the statistics corre-
sponding to Ngor = 5 x 10'2 electrons on target is ac-
cumulated.
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Appendix A: Exact formula for the total
cross-section

The full analytical expression for the integral is

1672 z? d?

Otot = mg a—>'y’y7 (d — 1/a2)3 X

d + tmin

d+ 2tymin +1 M1 _—
(d+ + /a)0g<1/a2+tmm

) —2d+2/ aQ} .

(A1)
For the parameter space of interest, d > 1/a? and
d > tpmin the difference between the analytical (A1) and
approximate expressions is below 1%.
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