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Abstract. We review the most important models of light dark
matter and discuss the NA 64 experiment aimed at searching for
hypothetical particles, including dark matter, in the mass range
< O(1) GeV with the use of electron and muon beams at the
Super Proton Synchrotron (SPS) accelerator at CERN. We
consider the methods and results of searches in the NA64 and
other accelerator experiments and also discuss their further
prospects.

Keywords: physics beyond the Standard Model, light dark
matter

1. Introduction

At present, the leading experiments in high-energy and
elementary particle physics can be conventionally divided
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into three groups. The first comprises experiments aimed at
searches for new large-mass particles and manifestations of
new physics beyond the Standard Model (SM) at small
distances, i.e., in processes with large transferred momenta.
A typical, and perhaps so far the sole, example is provided by
the CMS (Compact Muon Solenoid) and ATLAS (A
Toroidal LHC ApparatuS) experiments at the LHC (Large
Hadron Collider) at CERN. Experiments of the second type
amount to more accurate measurements of previously
measured quantities. One of the most representative exam-
ples is given by experiments on measuring the K — mvv decay
rate and anomalous magnetic moments of the muon and the
electron in order to compare experimental data with
theoretical predictions. The availability of reliable theoreti-
cal calculations is critical for experiments of this type. The
third group includes experiments aimed at searches for rare
processes, for example, 1 — ey and eee decays, and new
relatively light hypothetical particles with mass
m < O(1) GeV, such as axions, majorons, and dark
photons. Evidently, if such particles exist, their coupling
constants to ordinary matter particles (quarks, leptons, and
photons) must be very small; otherwise, such particles would
have already been discovered. Therefore, searching for them
requires experiments at the maximum possible beam inten-
sities, which places them into the domain of the so-called
high-intensity frontier. Interest in experiments of this kind
has especially increased recently in connection with the
problem of dark matter.
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Currently, as is known, the most convincing evidence in
favor of the existence of physics outside the SM, in addition to
the detection of neutrino oscillations, is astronomical obser-
vations indicating the presence of dark matter (DM) in the
Universe [1, 2].' The nature of DM is one of the most
interesting issues in modern physics. If DM is a thermal
relic, which at an early stage of the expansion of the Universe
was in thermodynamic equilibrium with ordinary matter and
then decoupled from it as the Universe cooled, then the
interaction of DM with our matter must match the weak
interaction by an order of magnitude. This is a strong
motivation for developing models with new nongravitational
interactions between DM and our matter.

Currently, among the many explanations for the origin of
DM [1, 2], models of light dark matter (LDM) [4-12] with a
particle mass less than O(1) GeV have become very popular.
Initially, such models were not discussed, because their naive
versions led to predictions of the DM density in the Universe
and constraints on the LDM mass that contradicted observa-
tions [13] (also see [14]). But with the appearance of a class of
models containing additional interactions between ordinary
and DM particles [4—12], these constraints were overcome. As
mentioned above, as the Universe expands, DM particles
leave thermodynamic equilibrium, i.e., decouple, at the
moment the temperature and the corresponding annihilation
cross section DM particles — SM particles and (or) the DM
density become too small to maintain thermodynamic
equilibrium.

Experimental data[1, 2] indicate that a scenario is realized
in which the DM particles are nonrelativistic at the moment
of decoupling; the mass of DM particles is much higher than
the decoupling temperature. The annihilation cross section of
DM particles into particles of our matter determines the
residual DM density. Too large an annihilation cross section
leads to a low DM density, and, conversely, too small an
annihilation cross section leads to a high DM density. The
observed value of the DM fraction pp/p, = 0.25 [15] allows
finding the annihilation cross section of DM particles into
particles of ordinary matter and assessing the prospects for
the discovery of DM particles in accelerators. For example, in
the model with a dark photon, the annihilation cross section
a(yyx — ete™) is predicted to be O(1) pbarn, and hence the
cross section of the reverse process is of the same order of
magnitude, which implies the possibility, in principle, of
detecting LDM in accelerators.

Of course, the statement about the possibility of detecting
LDM with accelerators depends on the specific model (see
Sections 3-5). We note that the predicted annihilation cross
section of DM particles into SM particles at the moment they
leave thermodynamic equilibrium is weakly dependent on the
mass of the DM particles [1, 2]. Astrophysical constraints,
together with those derived from nucleosynthesis, are much
more stringent than the corresponding accelerator con-
straints at LDM particle masses less than O(1) MeV (see
Section 4), while at LDM particle masses greater than
O(1) MeV, astrophysical constraints are typically weaker
than the accelerator ones.

Models with LDM can be classified according to the spin
of the particles and the mediator that carries the interaction
between the hidden-sector and visible-matter particles.
Models with scalar mediators are severely constrained by

! We note attempts to explain astronomical observations by modifying the
general relativity theory at long distances [3].

data [16, 17] on rare K- and B-meson decays, but are not
excluded [18]. The model with a light vector mediator, a dark
photon [5-20], is currently very popular. One of the reasons
for the increased attention to this particular model is its
simplicity and renormalizability. The interaction between
SM and LDM particles arises due to a nonzero mixing
between the photon and the dark photon A’, which is the
vector mediator that carries interaction in the dark sector.
However, other models are also possible, for example, those
with L,—L;, B—L, and B—3L. couplings of the vector
mediator to LDM particles [21-27]. We emphasize that A’
should not be identified with LDM, although the dark photon
can also be a candidate for a DM particle at a very small
mixing and small masses. >

We note that there are currently no theoretical or
experimental indications in favor of small (O(1) GeV)
masses of DM particles, nor indeed in favor of any other
masses. At the same time, the experimental constraints on
LDM models by no means exclude them. We note that one
more indication in favor of the existence of physics beyond
the SM is associated with the so-called muon g, —2
anomaly — the presence of a discrepancy at the 4.2¢ level
between the measured [28] and SM-predicted [29-32] values
of the anomalous magnetic moment of the muon. Among the
possible explanations for the g, — 2 anomaly [33-36], we note
models predicting the existence of a new light vector boson
coupled mainly to leptons of the second and third generations
via the L, — L. lepton current [21-23].

As mentioned above, the possible existence of LDM is
very attractive for experimental searches. Calculations show
that the range of masses and coupling constants explaining
the relict density of LDM lie in a range that is difficult, but not
impossible to access in modern accelerator experiments. This
has greatly stimulated additional efforts to develop new
methods and improve the sensitivity of experiments to search
for LDM. One such approach, developed in the NA64
experiment, is based on the search for ‘energy nonconserva-
tion’ (missing energy) in reactions involving the scattering of
charged leptons by nuclei. Much attention is also attracted to
such processes because their observation certainly goes
beyond the SM framework and requires its significant
extension. The possible discovery of DM in the Universe
certainly increases the interest in such searches.

The purpose of this review is to consider the NA64
experiment for the search for hypothetical particles, includ-
ing DM, in a mass range less than 1 GeV using electron and
muon beams at the SPS (Super Proton Synchrotron) accel-
erator at CERN [37-43]. The experiment has the best
sensitivity to date in the vector mediator mass range
O(1) MeV < my < O(500) MeV. In addition, we discuss a
number of other existing and planned experiments that are
the most prominent competitors of NA64 in searches for
LDM particles and mediators of their interactions. We also
consider the phenomenology associated with a dark photon
and LDM particles.

This review is organized as follows. In Section 2, we
consider phenomenological aspects of LDM models, in
particular, the dark photon model. In that same section, we
also give an overview of the principal models involving new
light particles capable of explaining the muon (g, —2)
anomaly. We present the basic formulas required to calculate

2 We do not consider this possibility in this review, because it would make
the NA64 experiment noncompetitive with other experiments [5-12].
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the LDM density in the Universe. We also consider the main
reactions used in accelerators to search for LDM and light
mediators of its interactions with the SM. Section 3 is devoted
to the NA64 experiment for the search for LDM particles and
other hypothetical particles of the hidden sector. We describe
the method for such a search in the NA64 experiment with
electron and muon beams. The main results of the experiment
are presented, and the prospects for further searches for LDM
and other hypothetical particles are discussed. In Section 4,
we discuss other accelerator and nonaccelerator constraints
on light boson models, including LDM models. In Section 5,
we briefly describe future experiments to search for LDM and
the dark photon. In Section 6, we give our concluding
remarks.

2. Phenomenological aspects
of light dark matter models

2.1 Dark photon model

The most popular and best developed LDM model is the one
with a vector carrier of the interaction between the observed
matter and LDM, the dark photon model [6, 20]. In this
model, a dark photon (a new massive vector boson A’)
interacts with the SM SU,(3) ® SU(2) ® U(1) gauge fields
via nonzero mixing of the U’(1) 4; gauge field with the SM
gauge field U(1) B,.. The A’ field also couples to LDM fields.
In renormalizable models with an extra abelian gauge group
U’(1), the LDM particles have spin 0 or 1/2.° The
Lagrangian of the model with a dark photon has the form

L = Lsm + Lsm, dark + Ladark (1)

where Lgy is the SM Lagrangian,
__ ¢ w !
2 cos Ow wo

Lsm, dark = (2)
BY =03*B" —0"BH, F;lw =0,4, — 6‘,,4/4, ¢ is the mixing
parameter, Lgu is the LDM Lagrangian, and 6w is the
Weinberg angle.

Currently, scalar, Dirac, Majorana, and pseudo-Dirac
LDM models are mostly considered. * For the scalar model,
the Lagrangian has the form

1 . . . .

Laanc = = 7 Fip F™" + (@ —ien A7) (2" — iepA™7)
2

My
2

where y is an LDM charged scalar field, and ep and 4, are
coupling constants. Here, the gauge symmetry

Al — Al + 0.0, (4)

—miy = () = ALA (3)

% — exp (iepa)y (5)

3Models with spin-1 LDM particles are also possible [44-46]. For
example, in the model in [47] with the dark sector gauge group
SUx(2) x Ux(1), after its breaking to the U’(1) gauge group, spin-1
bosons charged with respect to SUx(2) can play the role of an LDM
particle [47]. In addition, a light dark photon with a mass ma: < m. is a
candidate for an LDM particle [15]. In this review, we consider the
simplest LDM models with spin 0 or 1/2.

4 Millicharged particles can also be regarded as candidates for the role of
LDM particles [48, 49], but their discussion goes beyond the scope of this
review. Prospects for the search for millicharged particles in the NA64
experiment were addressed in [50].

where o is an arbitrary function of coordinates, is broken
explicitly by the nonvanishing mass term (mi, /2)4, 4™ in
Lagrangian (3). For the dark photon 4, to have mass, we can
use the Higgs mechanism with the Lagrangian

Ly = (up—iepd;$)(2"¢p —iepA"d) —A(¢"dp—c?)*, (6)

where ¢ is an arbitrary constant leading to a nonzero mass > of
A’ in the case of a nonzero vacuum expectation value,
(¢) # 0. Due to nonzero mixing (2), the low-energy coupling
of the dark photon A’ to SM fermions is described by the
effective Lagrangian

LA,,SM = 6814;’1]]’3‘]\/[ 5 (7)

where J£,; is the SM electromagnetic current.
For Dirac LDM y, the Lagrangian has the form

1 A _
Ldark = 7_F, F’/ﬂ + 1){“/”6#% — My xx

4w
mi/
2

+epyytad, +—-A4,4". (8)

For Majorana LDM described by yyu (with yy =
e+ 75, 15 = v 15 = Cim),© the main difference from
the Dirac LDM is given by the replacement [11]
epxv"xA, — (en/2)tmy"ysxmA, in Lagrangian (8), where
the y# are Dirac’s gamma matrices and y5 is Dirac’s gamma-5
matrix. In the model with pseudo-Dirac fermions [11, 54],
introducing a scalar field ¢pp with a nonvanishing vacuum
expectation value (¢pp) # 0 spontaneously breaks the fer-
mion number, which is implemented by replacing the mass
term —my 7y — —my gy — (hep@pp i 11 + hepPppZR AR +hoC.)
in Lagrangian (8). The original Dirac fermion y with a mass
my thus splits into two Majorana fermions: y; ov =%, 2+ %1 2
with the masses’ my, , = m,F 2hpp(dpp). Here, yx, =
(1/V2)(L + 1) and x; = (=i/V2)(xL — 7&)- In the model
with pseudo-Dirac fermions, A’ is coupled to pseudo-Dirac
fermion fields by the replacement epjy” A, — epJppA,,
Jbp = i%ay*y; +hec. in Lagrangian (8). In the limit as
hpp — 0, we obtain a model with a Dirac fermion. In the
early Universe, the pseudo-Dirac fermions y; and y, are
produced in pairs and also annihilate in pairs. After leaving
thermodynamic equilibrium, yx, decays into y; and SM
particles, for example, x, — %; +¢Te™. As a corollary, at
later stages of expansion, the Universe contains only y; LDM
[54], which allows avoiding the constraint associated with the
cosmic microwave background (CMB) radiation (see Sec-
tion 4.4.1).

As we have already noted, the constraints on LDM
models with a scalar portal are quite strong. This is because
a renormalizable extension of the SM with additional scalar

>In models with spontaneous U’(1) gauge symmetry breaking, the
corresponding “Higgs boson’ S = (1/v2)(¢ + ¢* — (¢p) — (¢)*) can play
the role of LDM [51] at small Higgs boson masses ms < mas. For Higgs
boson masses greater than the dark photon mass, its effect on the LDM
density is insignificant [52, 53]. For masses mgs ~ m, close to the mass of
LDM particles, the yx — SS, SS — yxyx annihilation processes consider-
ably affect the LDM density and must be taken into account. Possible
signatures for accelerator searches for the Higgs boson S were discussed in
[52, 53].

S Here, y g = (1 F75)2/2. 1° = C% and C = iy%y? is the charge conjuga-
tion operator.

”We can always choose (¢pp,) > 0, thereby ensuring that n,, > m,, .
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mediators is possible only for models with additional scalar
isodoublets and isosinglets, in particular, for a model with a
scalar isosinglet and a scalar isodoublet coupled only to SM
leptons [18], or for a model with several scalar isodoublets
[24]. The simplest SU(3) ® SUL(2) ® U(1) SM extension by
a scalar singlet mediator ¢ that mixes with the Higgs boson h
allows explaining the observed LDM density, but contradicts
the experimental constraint from rare K- and B-meson
decays [17]. In models with several scalar isodoublets and an
isosinglet [18, 24], after the electroweak SUL(2) ® U(1)
symmetry breaking, a light scalar S appears in the spectrum,
and its coupling to electrons can be represented as

L = (hgee +1ihpeyse)S. 9)

At the phenomenological level, we can thus obtain the
experimental constraint on the coupling constants /g and /p
(see Section 3).

In the model with a dark photon, estimating the coupling
of LDM to ordinary SM matter requires knowing ¢ and
ap = ep/(4n). Currently, we cannot predict their values from
first principles, but we can obtain a constraint on ap from
above using the condition that the Landau pole of the
effective coupling constant ap (1) be absent up to some scale
A [55]. The one-Loop f function for the effective constant
ap(u) has the form

&2

4 n
o) =52 (S 0k + 0375 ). (10)
where f(ap) = pdap/du, np (ng) is the number of fermions
(scalars) with U’(1) charges Qp(Qs). For the model with
pseudo-Dirac fermions, an extra scalar field ¢pp with the
charge Qpp = 2 must be introduced, and therefore the one-
loop B function in that model is B(ap) = 43 /(3n).

For the model with a Majorana fermion, we also have to
introduce an additional scalar field with the charge Qs =2
and an additional Majorana field to cancel the ys-anomalies,
and therefore the f-function coincides with the ff-function of
the preceding model. In the model with scalar LDM, for the
dark photon to acquire mass in a gauge-invariant way, an
extra scalar field with the charge Qs =1 must be introduced,
and hence the one-loop fS-function has the form f(up) =
a3 /(3n). The condition A > 1 TeV implies that ap < 0.2 for
pseudo-Dirac and Majorana fermions and op < 0.8 for
charged scalars. Here, ap is the effective coupling constant
on the scale y = mp/, i.e., op = op (ma).8

In our calculations, we use the value ma = 10 MeV as a
‘reference’ point, although the results depend weakly on the
choice of a particular mass ma/. Assuming that the dark
photon model is applicable up to the Planck scale, i.e.,
A= Mp. =12x10" GeV, we obtain op <0.05 for
pseudo-Dirac and Majorana fermions and op < 0.2 for
charged scalars. In the SM, the SU,(3), SUL(2), and U(1)
gauge coupling constants are ~ (1/30—1/50) on the Planck
scale. In our opinion, it is therefore natural to assume that the
effective coupling constant &p(u = Mpy ) is in the range of the
SU:(3), SUL(2), and U(l) gauge constants, i.e.,
op(pn = Mpr) ~ (1/30—1/50). This implies that the values
oap ~ 0.01—0.02 are the most natural ones.

In the pivotal work by Holdom [20], it was assumed that
the appearance of the mixing parameter ¢ is associated with

8 In [55], arguments are adduced in support of ap < 0.1.

loop corrections coming from heavy particles that are
charged electrically as well as with respect to the U’(1)
gauge group of the dark photon, and this ¢ parameter was
evaluated at the level of O(1072) < ¢ < O(107*). But other
models also exist. In particular, a nonzero e parameter can
arise due to a nonrenormalizable coupling, for example,
—[®@/(2A))FF'*. A nonzero vacuum expectation value
(@) # 0 results in the nonzero mixing ¢ = (9)/A. We note
that the problem of the appearance of a nonzero mixing
parameter was recently discussed in [56, 57]. In our opinion,
there are currently no convincing predictions for the value of
mixing, and we assume in what follows that ¢ is a free
parameter of the theory, constrained only by experiment.

2.2 Decays and production of dark photons
Depending on the mass, A’ can decay into SM particles
(visible modes), for example,

A, - e+e_7u+“_7n+n_ )
LDM particles (invisible modes),

A=y,
and their mixture, °
A= s 1 = AaeTET
Invisible and visible widths of the dark photon decay into

fermionic DM and electron—positron pairs can be expressed
10
as

o 2m? 4m?2
F =) =P (142 ) 1=

3 o my,

2, 2 2 4m?2
(A —ete) :%mA/(l + m”; ), /1 —%, (12)
A A

where & = e2/(4n) = 1/137.

There are several A’ production mechanisms [6]. In
proton—nucleus collisions, dark photons A’ with a mass less
than the mass of n°, 11, and 1’ mesons are mainly produced in
the decays n,m,n’ — yA'. The use of the visible decay
A’ — ete” allows detecting the dark photon A’ as a peak in
the e*e™ invariant mass distribution. Direct A’ production in
proton—nucleus interactions is also possible, in full analogy
with photoproduction in such interactions.

Another effective way to produce A’ is to use the
scattering of electrons on a nucleus, namely, the reaction

(Fig. 1)
e (p) + Z(Pi) — e (p') + Z(Pp) + Al (k).

(13)

Here, p = (Eo, p) is 4-momentum of the electron incident on
the target, P; = (M, 0) is the 4-momentum of the nucleus Z in
the initial state, Py = (PfO,Pf) is the 4-momentum of the
nucleus Z after the collision, k = (ko, k) is the 4-momentum
of the A’ boson, and p’ = (p},p’) is the 4-momentum of the
electron after collision. In the improved Weizsacker—Wil-

® Which are not discussed in this review (see, e.g., [58]).
10 For scalar DM particles . the invisible decay width of the dark photon
is (A" — ™) = (ap/12) myr(1 — 4m; /m3,) (1 — 4m§/m§,)1/2.
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Figure 1. Diagram illustrating the production of a massive bremsstrahlung
A’ boson in the reaction eZ — eZA’ with the subsequent invisible decay
A’ — invisible.

liams (IWW) approximation, the differential and total cross
sections for reaction (13) with m, > m. can be written as
[59] 11

dod, x?2
d\xw = (4a3€2Xeff) (1 —x+ ?>

11— -1
X <m/§/ Tx + mﬁx) , (14)
Y W
A -1
wazg }fnil lOg5A/ s (15)
m2 m2,
5A/:max< < —A), (16)
mi’ Eg
where x = E,//Ey, and y. is the effective photon flux
max t— Zmin | inel
= | de (@800 + 62). (17)
Imin

Here, fmin = my,/(4E3), tmax =m3 +mZ, and G§'(r) and
Girl(7) are the elastic and inelastic formfactors. For the
NAG64 energy E < 100 GeV, the elastic formfactor domi-
nates. The elastic formfactor can be expressed as [59]

) a’t \? 1 . )
G2:(1+a2t> (l+t/d)z ’ (18)

where a = 1112713 /m,, d = 0.164 GeV?> 4-%/3 and A is the
atomic number of the nucleus. We here consider quasielastic
reactions (13), and therefore the inelastic nuclear formfactor
is not taken into account. Numerically, y.¢ = Z>Log, and the
function Log ~ (5—10) depends weakly on the effects due to
the finite size of the nucleus. Reaction (13) is the main source
of A’ in the NA64 experiment.

2.3 Reactions used to search for light dark matter

and dark photons in accelerators

We briefly describe the most interesting reactions used (or
planned to be used) in searching for both visible and invisible
decays of A’ with a mass m, < O(1) GeV in accelerator
experiments.

2.3.1 Visible decays of A’. Experiments on the search for
visible decays A’ — e*e™, ptp~, ntn,... are quite numer-
ous [6]. They can be classified as searches using
(a) ete™ — yA' reactions on eTe™ colliders, (b) eZ — eZA’

! Exact calculations at the tree level for the reaction e”Z — e~ ZA’ have
been done in [60, 61]. For some kinematic domains of the parameters m,;/
and E,, the yield of A’ bosons in the IWW approximation can differ
significantly from that in exact tree-level calculations [60, 61].

in fixed-target experiments, and (c) decays of neutral
mesons m°, 1 — A’y, produced in proton-nucleus colli-
sions pA, or the direct production of A’ in proton beam-
dump experiments [6]. 1>

The A’ boson can be identified as a narrow resonance in
the distribution of the invariant mass of an /*/~ pair or, for
example, from the decay vertex A’ — [/*/~. Indeed, the decay
length of the A" boson is Ly ~ Ea/(e*my,) (where E,; is the
energy of A’), and this means that the search for decay
vertices remote from the interaction point allows obtaining
constraints on the ¢ parameter. The disadvantage of this
approach is that, in the region of the mixing parameters and
masses where Ly is much larger than the characteristic size of
the installation, the number of signal events in the experiment
(or its sensitivity) is proportional to ¢ (one ¢? comes from the
A’ production cross section, and the other from the A’ decay
probability in the installation), and therefore the resultant
constraints on ¢ are relatively weak [62]. For A’ with masses
my 21 GeV, the number of events in a reaction of type b is
suppressed by the factor 1 /m[i, in the A’ production cross
section (see (15)) and, in addition, particles become extremely
short-lived; therefore, searches for a resonance using type-a
processes are preferable in that range.

2.3.2 Invisible decays of A’. LDM is produced in the reaction
eZ — eZ(A' — yx) orete” — y(A’ — x¥%) and is identified
by measuring the missing energy resulting from the
undetectability of LDM particles. Of fundamental impor-
tance here is the air-tightness of the detector for suppres-
sing background events. Studying the missing-mass dis-
tribution is also very effective in finding invisible A" decays.
For example, the BaBar collaboration [63] used the reaction
ete” — y(A’ — yxx). The momenta of e*, e, and y are
measured with an accuracy of O(1072), which allows
reconstructing the missing mass mmis = [(per + pe- — py)z]l/ 2
with good accuracy. The A’ boson is sought as a peak in the
distribution of the invariant mass my;s. However, there are
experiments in which the measurement of the initial and final
momenta is impossible. In the NA64 experiment [37], for
example, the reaction eZ — eZA'; A’ — y¥% (see Fig. 1) is
used to search for invisible decays of A’, and only the energies
of the initial and final electrons are measured. A typical
signature of LDM particle detection is a large amount of
energy missing in the detector. The high degree of air-
tightness of the installation allows suppressing the back-
ground to the level of O(107'2) and even lower, which is
fundamentally important for the detection of A’. The number
of signature events in the NA64 experiment is proportional to
€2, the mixing parameter squared.

2.3.3 Proton and electron beam-dump experiments. In proton
beam-dump experiments, LDM particles are produced in the
decays m°,m, ' — yA/(A’ — y¥) or in the direct production
reaction pZ — pZA'(A’ — )+ ... and are detected by
scattering reactions ye — xe and yN — %N on the electrons
and nuclei of the target. 3

These experiments ‘probe’ the LDM particles twice, and
they are sensitive to the value of the fine coupling constant
ap = e /(4n) of the A’dark photon to LDM. The number of

2 Decays of other mesons, 1’ — yA/, K* — KA’, make a smaller
contribution.

13 The reaction of elastic scattering yZ — yZ of LDM particles on a
nucleus was used in the Coherent experiment for deriving constraints on
LDM (see Section 4.2.4).
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events registered in the far detector is proportional to
c(pPZ—pZ(A'—y¥) +...)a(ex—ey) ~ ¢2c*ap, and there-
fore a large number of particles hitting the target are
required, of the order of 1/¢*. In electron beam-dump
experiments, the A’ electroproduction reaction eZ —
eZA' + ...is used, followed by the decay A’ — y%. In the far
detector, elastic scattering reactions ye — ye, yN — xN

allow registering LDM particles.

2.4 Muon (g,— 2) anomaly and the light vector boson
Accurate measurements of the anomalous magnetic moment
of a positively charged muon a, = (g, —2)/2 at the Brook-
haven National Laboratory (USA) [64] give a result approxi-
mately 3.6¢ higher [65, 66] than the SM prediction:

a®™ —a™ = (288 +:80) x 107",

(19)
Recently, the Fermi National Accelerator Laboratory
(Fermilab) collaboration announced a new result on measur-
ing the anomalous magnetic moment of the muon [28]. The
combined result of these two experiments is offset by 4.2¢
from the theoretical prediction, namely, [28]

ag® —a™ = (251 £59) x 107" (20)
These results might indicate the existence of new physics
beyond the SM. A new light vector boson (dark photon) with
a mass myz < O(1) GeV, weakly coupled to the muon, can
explain the (g, — 2) anomaly [33-36]. The vector coupling of
the Z' boson to the muon,

Ly =¢'my"uz;, (21)
leads to an additional contribution to the anomalous
magnetic moment of the muon [66],

o my;
Aa=—F 22
a=2 (m) (22)
where
| 2
F(X)ZJ dZM7 (23)
o (1—z2)"+x2

and o’ = (g')%/(4n) = ¢2a.

Relations (22) and (23) allow finding the coupling
constant o’ responsible for the muon anomaly magnitude in
(20). For mz: < my,

o = (1.640.4) x 1078, (24)
In another limit case, mz > m,, the value of o’ is
m2,
o' =(24+05)x 1078 % (25)

5 -
my

But postulating the coupling in (21) gives rise to more
questions. One of them is: how do the other quarks and
leptons couple to the Z'-boson? A renormalizable interaction
of the Z'-boson with SM fermions , (Y, =e,v.,u,d,...)is
given by

L, = g,ZﬁJEf (26)
J;, = Z (qL/clkayul//Lk + qu‘/;Rlcyltlka) ) (27)
k

where Yy gi = (1/2)(1 F75)¥;. and gk and gr are the
Z'-charges of the ;- and yg,-fermions. Also, Z’ can be
coupled to new hypothetical particles, for example, LDM
fermions y:

Ly, =8oZ,70"1.- (28)
There are several models predicting different forms of the J2,
current. In the model with a dark photon [20], the Z'(= A’)
boson interacts with the electromagnetic field A, as a result of
nonzero mixing (2). Due to mixing (2), Z' is coupled to the
electromagnetic SM current

2 1 )
JEu :gﬁy“u—gdy"d—ey”e—i—...

with the coupling constant g’ = ce. But experimental data
exclude the model with the dark photon explaining the muon
(gu — 2) anomaly (see Sections 3 and 4).

In [33-35], as a proposal to explain the muon (g, — 2)
anomaly, a model was discussed where the Z’ boson is mainly
coupled to only second- and third-generation leptons via the
L,— L. current:

LZ’ = g, [:uyvlu + V;LL’VVV;AL - fV"T - v‘[LVVV‘[L:I Z\,x . (29)
The coupling in (29) is free of y5 anomalies, commutes with
the SM gauge group, and does not contradict the experi-
mental data for mz < 2m, (see Section 4), mainly because
(29) does not involve first-generation quarks and leptons. In
[67], a model was proposed in which the Z’ boson is coupled
to the right-handed currents of first- and second-generation
SM fermions. The model explains the muon anomaly as a
result of the existence of a light scalar in the spectrum.

2.5 Density of dark matter in the Universe

A discussion of the role of DM in the Universe is not the main
topic of this review; for completeness, we present only the
basic formulas that are needed to estimate the density of DM
in the Universe. Experimental data [15] indicate the nonzero
DM density Qp = pp/p. ~ 0.25, while the contribution of
ordinary matter is Qy = py/p. =~ 0.04. Here, pp, and py, are
the densities of DM and ordinary matter (made of SM
particles), p.=3H?/(8nGx) = 1.05x 107> 1% GeV cm~3
is the critical density of the Universe, and Gy is the
gravitational constant. The parameter /& is defined as
H=100h km s~' Mpc™! , where H is the Hubble constant.
The experimental value is &/ = 0.674£0.005 according to the
‘Planck’ collaboration data [15]. It thus follows from the
experimental data that DM is currently dominant over
ordinary matter. The generally accepted hypothesis is that,
at an early stage of the expansion of the Universe, DM
particles were in thermodynamic equilibrium with ordinary-
matter particles, !4 but at a certain stage of the expansion
they left thermodynamic equilibrium with SM matter. To
calculate the density of DM, we have to solve the Boltzmann
equation [1, 2, 68]

dn

d—;‘) +3H(T)np = —<6Urel>(n12) - n]2)4eq) )

(30)
4 We emphasize that models exist in which DM was never in thermo-
dynamic equilibrium with our matter at the early stages of cosmological
expansion. In that case, the coupling constants of DM to our matter are
typically very small, which makes the search for DM in accelerator and
underground experiments an exceptionally challenging problem.
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where

(™) = [ 2 o). (1)
(2n)’

fo(p, T) is the density distribution of DM particles over
momenta, (ov) is the thermally averaged annihilation cross
section of DM particles, vy is the relative speed of colliding
particles, 71p ¢q is the equilibrium density of LDM, and H(T)
is the Hubble parameter at a temperature 7. In the
nonrelativistic approximation, (ovr) = oo(m,/T)™". The
parameter value n = 0 corresponds to the s-wave annihilation
of DM particles, and n = 1 corresponds to p-wave annihila-
tion. An approximate solution of the Boltzmann equation for
nonrelativistic DM particles leads to the following estimate [1,
69, 70] of the present-day density of DM:

Qph? =k (32)

(n+ 1) x/*! (8.77 x 10711 Gev2)

172

&x,av 90

Here, Tp is the temperature at which DM particles leave
thermodynamic equilibrium with SM particles, x¢ = m, / Tp,
and g, and g.s are the numbers of relativistic degrees of
freedom that determlne the energy and entropy density, with
g /lzv = gus/ g* 2 IfaDM antiparticle is not coincident with a
DM particle, the parameter value is k = 2; otherwise, k = 1.
We have the following approximate formula for x;[1, 69, 70]:

1
Xf=c¢— n—l—i Inc,

~In {0.038(714- H-&

(33)

Mp] mxao] . (34)

Here, g is the number of inner degrees of freedom of DM
particles and Mp = 1.2 x 10! GeV is the Planck mass. As a
corollary of (32), given the s-wave annihilation cross section
with n = 0 and k = 2, the cross section

(ovr)) =73 x 10710 GeV 2 — £ (35)

leads to the correct value of the present-day DM density.
Calculations yield the estimate 1 < ¢ = m, /(10Tp) < 1.5for
1 < m, <100 MeV. We note that the reaction xy — e"e™ is
the leading one at masses 1 < m, < 100 MeV. At higher
masses, other annihilation reactions must be taken into
account, such as yy — p p*, nont,+.... We consider the
case 1 < m, < 100 MeV in what follows, i.e., take only the
reaction y¥ — e~ e* into account. For a Dirac fermion y in
the model with a dark photon in the nonrelativistic approx-
imation, the annihilation cross section into an electron—
positron pair having an s-wave nature is given by [11, 16] 13

(i —eh) 16nezococsz (36)
oy — e e e =——m5
o ' (m3, 74m2)
It follows from (35) and (36) that
B L (m3 —4m2)? 2
Yap =2 107° GeV I —A— % gl/;' (37)
x *,av

15 Here, we assume that m, > m.

Given the commonly used relation m,s = 3m,, we arrive at an
estimate !¢

2
ap ~ 0.4 x 10*'2(ﬂ> .

MeV (38)

We note that, for pseudo-Dirac LDM, the predicted value of
c?ap is greater than the corresponding value for Dirac LDM
[11]. For the p-wave section, typical of scalar DM, the
formula (ovre) = (Bv2) = 6B(T/m,) holds in the nonrelati-
vistic approximation. An analogue of formula (35) that leads

to the correct DM density has the form

) 2
6B=14.6 x 107 GeV > (%) . (39)
g* av D

For p-wave annihilation, the corresponding estimates at
1 <m, <100 MeV lead to m, /Tp=10cp, where 1 < ¢, < 2.
For charged scalar LDM, the annihilation cross section in the
nonrelativistic approximation is given by [11, 16]

8n €2aopm’v2
OUre] = ? —Xzel (40)
(my, —4m )
As a corollary of formulas (39) and (40), we find
m?2, — 4m?2)? 22
2ap = 4.0 x 1077 Gey—2 2 > ) T (41)
mX &gx,av
At mp = 3m,, the estimate
m 2
2 ~11 X
~1 — 42
¢tap ~ 10 ( MeV) (42)

then follows. For a Majorana fermion, estimate (42) has an
additional factor ~ 1/2.

We note that formulas (37) and (41) give a prediction for
ap times €2 depending on the specific values of m, and mar. As
follows from (37) and (41), for ma > m,, the quantity
y= (n1x/mAr)4ozD52 depends only on the mass of LDM
particles, and therefore y is often used in the literature when
comparing theoretical predictions and experimental con-
straints. We also note that the annihilation cross section is
proportional to x/*! = (m,/Tp)"*" and the quantity m, /Tp
then weakly depends on the LDM mass m,. Hence, the
annihilation cross section leading to the observed LDM
density also weakly depends on the LDM mass.

2.5.1 LDM and the Z' boson coupled to the L,—L; current
[24-27]. It is interesting to note that the current LDM density
can be explained by an extension of the L, — L. model to the
dark sector. As an example, we consider an extension of the
model with an LDM scalar field y charged with respect to the
U(1 )L _ [, gauge group. 17 The coupling of y LDM particles to
the Z" boson is described by the Lagrangian

Lz = 0"y —ienZ"y) (8,1 —ienZ,x)

—myyt =)’ (43)

16 The average value is g./2 ~ 3.3 for 10 < my, < 100 MeV.

17 The annihilation cross section for scalar charged LDM is suppressed as
a result of p-wave annihilation, which allows bypassing the constraint
obtained from CMB anisotropy data [71].
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The %) — V.Vy, v<V: annihilation cross section in the non-
relativistic approximation s & 4m_ is given by '*

81 €2O(OCDI’}’12U2

_ % “rel
OUrel = —

—_— 44
3 (m2, —4;74)3)2 “4)

We use the standard assumption that DM in the early
Universe was in thermodynamic equilibrium with ordinary
matter. Using formulas (32)—(34) and (44), we then find

2 2 2
20 —6[ My mz,
€“ap = k(my) x 10 (@> (m;% —4) .

(45)

Here, the coefficient k(m,) depends logarithmically on the
mass m, of LDM particles, and k(m,)~ O(1) for
1 <my; <100 MeV.

As noted previously, the model of a Z’ boson coupled to
the L, — L. current can explain the muon (g, — 2) anomaly.
For example, for my < my,, the value of ¢2=ua'/a is
determined by formula (24). It then follows from (45) that
ap can be expressed as

2,2 2
m, m?,

ap ~ 0.4k(m) (Ge?/) (mAz - 4) .
1

(46)

In other words, the model of the Z’ boson coupled to the
L, — L. current and LDM particles allows explaining both the
muon (g, — 2) anomaly and the present-day LDM density in
the Universe. In our opinion (see also, e.g., [72]), all this
seriously increases the motivation for the search for Z' in the
new setup of the NA64 experiment with a muon beam (see
Section 3.5).

3. NA64 experiment

In this section, we describe the operating principles of the
NAG64 experiment and its main results and also discuss further
prospects for the NA64 search for LDM, including the muon
beam experiment.

3.1 General remarks

If the hypothetical A’ boson exists, then it could be produced
in the reaction of elastic scattering of high-energy electrons by
the nuclei of an active target, similarly to bremsstrahlung
photons,

eZ — eZA', A" — yx, (47)
with the subsequent rapid decay A’ — y¥ into LDM
particles if ap > ¢2. The target is an active beam dump,
an Electromagnetic CALorimeter (ECAL), capable of
completely absorbing the energy E, of incident elec-
trons.

The A’ boson production cross section and therefore the
number of A’ produced are proportional to gZ, the squared
vector coupling constant of A’ to the electron. In the model
with a dark photon, gy = ee, and the number of produced
A’ is proportional to the mixing parameter squared, €. As
long as €?> is small, the decay of A’ is invisible,
A’ — invisible, because A’ and the y particles are weakly
coupled to matter and are not registered in a detector
consisting of an ECAL target and a subsequent Hadron

'8 Here, we consider the case my: > 2.

CALorimeter (HCAL).!" For reaction (47), part of the
energy of the primary electron is therefore carried away
from the detector by particles resulting from the decay
A’ — 4%, and the signature of the signal event consists of
(a) the presence of energy release Egcap from an electron
scattered in ECAL, accompanied by (b) the absence of
energy release in HCAL [62]. In NAG64, the constraints
were deduced using the sensitivity-optimized signal region
Eniss = Ey — EgcaL 250 GeV with the zero-energy thresh-
old in HCAL Eycar <1 GeV, which allowed effectively
suppressing the background of SM processes to the level
of <1073 —10"'2 per incoming electron (see Section 3.2).
We note that this signature can also be used in NA64 to
seek and derive constraints on the visible decays A’ — e"e*
when a long-lived A’ carries away part of the incident
electron energy from the installation and decays outside it.

To effectively suppress the background in the search for
invisible decays of A’ based on the E; signature, we need,
first, a high level of reliability in identifying the incoming
particle type and measuring its momentum. For example, if
an incoming pion or kaon present in the beam is mistaken for
an electron, it can decay on the fly into a state with lower-
energy electrons, which can then simulate a signal. Second, a
high air-tightness of the detector is needed to suppress the
background coming from energy leaks in processes accom-
panied by the production of neutral hadrons (n, K}) in the
target.

Itis worth noting the fundamental advantage of the active
beam-dump target method used in the NA64 experiment and
how it differs from the method of classical beam-dump
experiments. In beam-dump searches, it is assumed that an
A’ produced in the beam absorber creates a x-particle flux due
to the decay A’ — y¥, which is detected in the far detector
after passing through protection due to ye — xe, YN — N
scattering on electrons or nuclei of the target. The number of
signal events in the far detector is then proportional to
o(eZ — eA' +...)a(ye — ye) ~ 2e2ap [62].

As discussed above, the invisible decays A’ — yj are
detected in the NA64 experiment indirectly by measuring
the missing energy. Moreover, the production of an A" and its
detection occur in the absorber target, which is simulta-
neously a calorimeter. That is why the NA64 experiment is
said to use the active beam-dump method. The number of
signal events in the experiment is proportional to €2, rather
than e¢%xp, as in the above-mentioned beam-dump searches
with a passive target. Therefore, due to an extra factor of the
order of ¢2, a relatively low flux of incident electrons in NA64
still allows obtaining much better constraints on the mixing
parameter than in classic beam-dump experiments. For
example, if €~ 1073, then the advantage of the NA64
method in terms of the number of primary particles required
for signal detection is about 10 orders of magnitude. Because
the number of signal events in beam-dump searches is
proportional to €2 x e%ap, the constraint on € for a fixed
ap is proportional to ocf)l/z. Therefore, for small ap, the NA64
constraints on €2 are stronger.

19 The mean free path of a dark photon and LDM particles is proportional
to the factor €2, in contrast to the mean free path of a photon, because the
corresponding cross sections of a dark photon (LDM particles) with
particles of our matter are suppressed by the factor ¢2. With ¢ = 10~3 and
the photon mean free path 5 mm, we obtain a dark photon mean free path
of the order of O(10*) meters. A similar estimate is also applicable to
LDM particles. Therefore, dark photons and LDM particles pass through

matter in the detector freely, quite similar to neutrinos.
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We note that another advantage of NA64 is that the
experiment is largely model-independent, because it has no
essential sensitivity either to the spin of the A’ boson or to the
details of its invisible decay. The only assumption that is made
is a nonzero coupling of A’ to the electron and the dominance
of the A’-boson decays into invisible modes. When a signal is
detected (the number of events with a nonzero missing energy
exceeds the background level), it can be unambiguously
asserted that the experiment yields evidence in favor of the
existence of new light penetrating particles. In the model with
the A’ boson decaying into invisible modes, it is then possible
to estimate the A’ mass based on the shape of the missing
energy spectrum [73].

The NA64 experiment can also be used to search for visible
A’ — e~et decays. For that, the installation involves not one
calorimeter, as in the search for invisible decay modes of A,
but two electromagnetic calorimeters: WCAL (Wolfram
CALorimeter) and ECAL. The incident electron hits the first
calorimeter, WCAL, where an A’ is produced that then decays
outside the WCAL. Products of the A’ — e"e* decay are
detected in the second ECAL located downstream along the
beam. The signature of such a reaction is that the sum of the
energies released in the WCAL and ECAL equals the energy
of the initial electron, E. ~ EwcaL + Egcar, which makes it
possible to strongly suppress the background (see Section 3.3).

3.2 NA64 experiment with an electron beam.

Invisible mode

In the NA64 electron experiment, an optimized 100-GeV
electron beam of the H4 channel in the northern zone of the
SPS at CERN is used, as is described in detail in [37]. An
electron beam is generated by irradiating a beryllium target
with a primary proton beam with a momentum of 400 GeV/¢
and intensity up to several trillion (10'%) protons on target
(POT) in one shot with a duration of 4.8 s and the number of
dumps from 1 to 4 per minute, depending on the operating
mode of the accelerator. Short-lived neutral pions produced
in proton collisions decay inside the target into two gamma
quanta with the subsequent conversion of the decaying
gamma quanta into e*e~ pairs inside a thin lead converter.
Protons and charged secondary particles that did not interact
in the converter are deflected by a strong magnetic field and
are directed to the absorber. The electrons (positrons)
resulting from the conversion enter the NA64 detector via
an evacuated channel tuned to a specific (adjustable) beam
momentum. The channel ensures an ultrapure electron beam
with a maximum intensity up to 107 electrons per dump in the

Figure 2. Photo of the NA64 detector.

range of momenta from 50 to 200 GeV/c. The admixture of
hadrons (mostly pions) in the electron beam is n/e” 1072,
The beam has a transverse size of the order of 1 cm? and a halo
with an intensity of several percent of the main beam
intensity.

Detection of signal events in NA64 is based on the high
purity and reliable identification of incoming electrons and
measurement of their energy in the initial and final states,
because the product of the A’ — invisible decay is not
detected. The NA64 detector shown in Fig. 2 is located at a
distance of about 500 m from the proton target. The
installation is outlined in Fig. 3. The installation involves
scintillation (Sc) counters S1-S3 and a veto counter VI to
separate the primary beam, as well as a spectrometer
consisting of two successive dipole magnets with the inte-
grated field ~ 7 T m and a tracker with a small amount of
matter in the beam for precision measurement of the
momentum of incoming particles. The tracker is a set of
planes T1-T4 of various chambers located before the magnets
(T1, T2) and after the magnets (T3, T4) and measuring the
momentum P, of the incoming e~ with the accuracy
P/ P ~ 1%.%°

To improve the selection of electrons with an energy of
100 GeV and to suppress the background from possible
contamination with low-energy particles, a tagging system
was utilized that uses synchrotron radiation (SR) of the
incoming electrons in a magnetic field. Because the SR

20 MicroMegas [74], GEM, and Straw Tube (ST) [75] type chambers were
used in the experiment.

Vacuum

Magnet 2
Magnet 1

1Tl

4

, 100 GeV

Figure 3. (Color online.) Schematic of the NA64 unit for the search for invisible decays of A’ bosons produced in the reaction eZ — ¢ZA’ of
bremsstrahlung radiation of incident electrons with nuclei of the active ECAL target.
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energy of a particle with a mass m and energy E; is
(Esr) o< E/m*, the contamination of the beam by electrons
and low-energy hadrons can be effectively suppressed by
setting the threshold for the energy released in the synchro-
tron radiation detector (SRD) [62, 76]. For this, a vacuum
volume approximately 15 m in length was placed between the
magnets and the target (ECAL) in order to minimize the
absorption of SR photons detected directly in the lower beam
part of the volume using the SRD, which is a compact lead-
scintillation (PbSc) sandwich calorimeter with fine long-
itudinal segmentation. The detector is also divided laterally
into three independent counters. The use of transverse SRD
segmentation allows additionally suppressing the back-
ground coming from beam hadrons that could trigger SRD
(tagging electrons) as a result of knocking out energetic delta-
electrons from the exit window of the vacuum volume, by
about two orders of magnitude [76].

The detector is also equipped with an active target,
which is a hodoscopic ECAL for measuring the energy
EgcaL of electrons in the final state with the accuracy
6EECAL/EECAL ~ 0.1/\/EECAL[GCV], as well as the Xand Y
coordinates of incoming electrons using the transverse profile
of an electromagnetic shower. The ECAL length is about
40 radiation absorption lengths X;, with the initial section of
about 4 X used as a prestorm (PS) detector. The requirement
that the signal be present in all three SRD counters, combined
with the use of information on the longitudinal and transverse
development of the electromagnetic shower in the ECAL,
allows suppressing the initial level of the hadron contamina-
tion of the beam by more than four orders of magnitude,
while maintaining the efficiency of electron identification at a
level exceeding 95% [76].

A high-performance veto counter V, and a massive sealed
HCAL with a total thickness of approximately 30 nuclear
interaction lengths (4in), placed immediately after the ECAL,
are used to reject nuclear interactions events of incoming
electrons in the target. The HCAL is a set of four independent
modules HCALI-HCAL4 and muon counters MU1-MU4
and also serves to efficiently identify muons.

3.2.1 Data analysis and background. The analysis described
below involves a dataset with the total number of electrons on
target (EOT) ngor = 2.84 x 10!, obtained in 2016-2018 on a
100-GeV electron beam with an intensity up to 9 x 10°
electrons per dump. Here, we briefly describe the procedure
for selecting and analyzing data; a more detailed description
can be found in [39]. To avoid bias in determining the selection
criteria for candidates for signal events, a blind analysis was
carried out. It was assumed in selecting that the missing energy
should be Enis = Ey — Ercar > 50 GeV. The signal domain
(ErcaL < 50 GeV, EycaL < 1 GeV) was determined based
on calculations of the energy spectrum of A’ bosons emitted by
e® from the electromagnetic shower generated by the primary
electron in the target and on measurements of the HCAL noise
level directly in the experiment [39, 61, 73].

Monte Carlo (MC) simulations using the Geant4 software
package [77], used to study the detector response, the signal
recovery efficiency, and the background level, together with
the analysis procedure, including selection criteria and
sensitivity assessment, are described in detail in [39]. The
differential cross section of A’ production in reaction (13) can
be calculated using the IWW approximation [59] (see also
[60, 61]). These cross sections were used to simulate the A’
production process using the DMG4 package [78], fully

compatible with Geant4 [77], which was used to evaluate the
detector response.?! The total number 1, of produced A’
bosons per electron depends, in particular, on the parameters
¢, mar, and Ey and can be calculated as

na(e,my, Eo) = ”Aﬂz n(Eo, Ee, 5)01ww (Ee)As;, (48)
Pb <3

where p is the target density, N4 is Avogadro’s number, App 1S
the atomic mass of Pb, n(Ey, E., s) is the number of e* with
the energy E. in an electromagnetic shower at a depth s
(expressed in radiation lengths) inside a target with the total
thickness 7, and oy (Ee) is the IWW approximation of the
cross section of A’ production by an electron with the energy
E. in the reaction eZ — eZA' in the kinematically allowed
region up to Ex ~ E.. The energy distribution dns/ /dEar of
A’ was calculated using the differential cross section
do(E., Ea’)/dEa based on the results in [73]. Numerical
summation in Eqn (48) included a detailed modeling of
electromagnetic showers, taking the A’ energy spectrum in
the target into account.

It was noted relatively recently that, for a certain
kinematic range of the parameters ma and Ea/, the yield of
A’ obtained within the IWW approximation can differ
significantly from that obtained by accurate calculations at
the tree level [60, 61]. A reliable theoretical estimate of the
yield of A’ is required both for the correct interpretation of
experimental results and for obtaining reliable constraints in
the A’ parameter space or for possible observations of the A’
signal. We therefore performed calculations of the A’
production cross section by exactly integrating the phase
space over final-state particles in the reaction e~ Z — e~ ZA/,
which reduces to the replacement oy (Ee) — 0l (Ee) in
formula (48). Here, 62 (E.) is the exact value of the cross
section at the tree level.

In Fig. 4a, we show the distribution of approximately
3 x 10* events from the reaction e~Z — anything in the
Ercar—EucaL plane derived from combined data at an
earlier stage of the analysis using soft selection criteria,
which mainly require the presence of an input track
identified as an electron in the SRD. Events in domain I
correspond to the production of dimuons due to the
dominant quantum electrodynamics process e~ Z — e~ Zy,
v — wtu~ of the conversion of hard bremsstrahlung photons
on a target nucleus, which is characterized by an energy of the
order of 10 GeV released by a pair of dimuons in HCAL
modules. This rare process has been taken as a reference that
allowed validating the reliability of MC simulations, correct-
ing signal acceptance, cross-validating systematic uncertain-
ties, and estimating the background [39]. Domain II corre-
sponds to hadron electroproduction events in the target that
satisfy the energy conservation Egcar + Eucar ~ 100 GeV
within the energy resolution of the detectors.

Finally, in order to maximize the output of signal events
with a minimal background, the following selection criteria
were used:

(1) the momentum of the incoming electron track must be
within 100 + 3 GeV;

(2) the SRD energy must be in the SR energy range of
electrons in magnets and coincide in time with the trigger;

2 About 10'° events have been simulated. Many background processes,
for example, decays of pions and kaons and hadron interactions in the
target, were simulated with the actual statistics or were evaluated directly
from the data.
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Figure 4. (Color online.) (a) Measured distribution of events in the (EgcaL, Encar) plane obtained from combined data at an early stage of analysis.
(b) The same distribution after the use of all the selection criteria. Hatched part shows the signal domain, which contains no events. The efficiency of
detection of A’ in the signal domain is ~ 50%. The size of this domain along the Eycay axis is enlarged by a factor of five for visual clarity. Extrapolation
from domains A and C is used to estimate the background inside the signal domain.

(3) the transverse and longitudinal shape of the shower in
the ECAL must correspond to that expected from a signal
shower;

(4) in the tracker cameras, there must be only one track in
front of the target in order to suppress the background from
interactions with channel matter in the absence of activity in
the veto counters.

Among all the data, about 1.6 x 10* events met these
criteria.

The main background in the search for A’ arises from the
production of hadrons in the interaction of the e~ beam in
matter of the lower part of the channel. In rare cases, these
reactions are accompanied by the emission of a soft electron
accompanied by secondary hadrons escaping at large angles.
Such events can simulate a signal due to the insufficient air-
tightness of the detector. This background coming from
charged secondary particles was largely suppressed by the
requirement that additional tracks (or hits) be absent in the
T3 chambers (mainly a Straw Tube, located after the
magnets), which have the greatest lateral acceptance in the
installation. Also required was the presence of one track and
the absence of additional hits in the chambers located before
the magnets. The remaining background from wide-angle
neutral hadrons was largely estimated directly from the data
by extrapolating events from the neighboring regions
(EgcaL > 50 GeV, EycaL <1 GeV) to the signal region,
taking systematic errors into account and varying the shape
functions chosen for extrapolation, as described in [39]. The
shape of the extrapolation functions was estimated based on
the study of a statistically significant set of events from
hadronic interactions of electrons in the target and their
independent verification by simulation.

Another background from leading neutral hadrons
(with energies exceeding 0.5 Ey) (n, KS) penetrating with-
out interaction and produced in the interactions of
electrons in the target was studied using events from the
region (FEgcaL < 50 GeV, FEycaL > 1 GeV), which were
purely neutral events generated in the ECAL that have
passed the veto-counter selection. The level of this back-
ground, which was estimated from data using longitudinal
segmentation of the HCAL and a conservative estimate of the
probability of penetration, was found to be small. Several

other background sources that can simulate a signal, such as
the loss of dimuons due to statistical signal fluctuations or
muon decays, flight decays, and beam n and K mesons
erroneously tagged by the SRD, have been simulated with
the full data statistics and also turned out to be negligible.
Estimates of the main backgrounds [39] corresponding to the
statistics Ngo = 2.84 x 10'! are given in the table.

3.2.2 Constraints on the y —A’ mixing parameter ¢ and on
LDM parameters. A thorough analysis of the background
outside the signal area, carried out using the selection criteria
described in Section 3.2.1, allowed suppressing its main
sources and verifying that the expected background in the
signal area is at the level of 0.5 events (see the table). As shown
in Fig. 4b, no events were detected after opening the signal
area. This allowed obtaining new upper bounds for the
mixing parameter depending on the mass ma;.

In the final procedure for obtaining constraints from the
20162018 session data, statistical analysis was used based on
the RooStats package [79]. The background estimation, signal
efficiency, and their corrections and uncertainties were used to
optimize the main threshold for Egcap, which defines the
signal area. This was done by comparing them with the
sensitivity, defined as the mean expected bound calculated
using the profile likelihood method depending on Egcar. The
calculations were carried out with uncertainties used as error
parameters, assuming their log-normal distributions.

The combined bounds for y—A’ mixing at a 90%
confidence level (CL) depending on the A’ mass, calculated

Table. Expected background for 2.84 x 10'! EOT.

Background source Background, ny,

1 | Dimuons 0.024 + 0.007

n, K — ev, K¢; decays 0.0240.01
3 | Nonhadronic interactions of electrons on

the beam line material 0.43+0.16
4 | Hadronic interactions of electrons in the

target < 0.044
5 | Photons penetrating the HCAL without

interactions < 0.01
Total ny (conservative value) 0.53 £0.17
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Figure 5. (Color online.) NA64 exclusion domain at the 90% CL (area
bounded by the curve marked as NA64) in the parameter plane ma,—e.
Also shown are the constraints obtained in the E787 and E949 [16, 158]
and BaBar [159] experiments, recent NA62 results [160], and constraints
resulting from the anomalous magnetic moment of the electron «, and the
muon ay,. In addition, the expected NA64 constraints are presented under
the assumption of no backgrounds and Ngor = 5 X 10'? (dashed line) and
Neot = 10" (dotted line). In the range ma < 1 MeV, the constraints on ¢
resulting from astrophysical and cosmological data are much stronger,
because obtaining reliable experimental restrictions in this area requires a
more thorough analysis of the propagation of light A’ in matter (see,
e.g., [161]). The range €2 102 is bounded by the contributions of A’ to a,
and a,.

with the expected backgrounds and estimated systematic
errors taken into account, are shown in Fig. 5. At present,
the constraints in [40] are the best for the mass range
0.001 < ma < 0.2 GeV among those obtained in direct
searches for the A’ — invisible decay [15]. Bounds for the
mixing parameter ¢ expected in the electron-beam NA64
experiment at Ngor = 5 x 102 and Ngor = 103 are shown
in Fig. 5 by the respective dashed and dotted lines.?

To assess the sensitivity of the NA64 experiment to the
search for LDM [80], formulas in Section 2 were used to
predict the dependence of ¢ on ap, my, and mas under the
assumption that the LDM was in thermodynamic equili-
brium with the observable matter in the early Universe. For
specific calculations, the values ap = 0.02, 0.05, and 0.1 and
mar/my = 2.5, 3 were taken. The calculations were carried
out for scalar, Majorana, and pseudo-Dirac (6 < 1) DM.

The main conclusion in [80] is that, for Ngor = 5 x 102,
NAG64 will be able to eliminate the scalar and Majorana LDM
models for ap < 0.1 and ma//m, > 2.5 in the A’ mass range
1 < ma < 60 MeV. Pseudo-Dirac LDM can also be ruled out
by NA64 for ap < 0.05and my /m, > 3. Asfollows from [80],
NAG64 with the statistics Ngor = 2.84 x 10! has already ruled
out the scalar LDM model with ap < 0.05 and ma//m, >3
and the Majorana LDM model with ap =0.02 and
mar/my = 3 for the A’ mass in the range of 1-200 MeV. The
implications of the results obtained by NA64 in the form of
constraints on the parameters of LDM models with a vector
mediator are also shown in Fig. 6. We note that the
assumption that the LDM models give a correct prediction of

22Tn obtaining the expected bounds, the absence of background events for
Neor = 5 x 102 and Ngor = 10" is assumed. This assumption is based
on simulations of the background using data obtained with the use of the
new wide-aperture HCAL in an upgraded NA64 installation to suppress
the background coming from hadrons with large transverse momenta.

DM density leads to a prediction of the product ape? as a
function of the masses of the mediator and LDM particles (see
Section 2.5). Because experiments such as NA64 and BaBar
yield the upper bound on mixing parameter ¢, it is much more
difficult to exclude LDM models for large than for small ap.

3.2.3 Resonance domain problem. The LDM particle annihi-
lation cross sections in (36) and (40) are proportional to
the factor K = ¢%ap (mi,/mf —4)7%. From the assumption
that DM particles were in thermodynamic equilibrium
with SM matter particles in the early Universe, we can
predict the dependence of K on the mass m, of LDM
particles (see Section 2.5). In the resonance domain
mar = 2m,, the parameter ¢ is proportional to the factor
(mz, /m} — 4)%, which allows decreasing the predicted value
of €2 by 2 to 4 orders of magnitude [81], in comparison with
that in the often-studied case ma//m, = 3. This means that
the NA64 experiment, as well as other planned experiments,
will not be able to fully test the resonance domain ma: =~ 2m;,.
We note that the values of ma and m, are arbitrary, and
therefore the case where mar ~ 2m, can be regarded as a
fitting of the parameters. It is natural to require the absence of
significant parameter fitting. We therefore assume that
mas/2my, — 1 > 0.25, i.e., mar = 2.5m,. As follows from the
results in [80], NAG64 is able to test the most interesting
scenarios where mar > 2.5m, with Ngor = 5 x 10'2.

3.3 Search for visible decays A’, X(17) — e*e™

of hypothetical particles in the NA64 experiment

In the Atomki experiment [82], a 6.8¢ excess was observed of
events in the invariant mass distribution of efe™ pairs
produced in nuclear transitions of excited beryllium 3Be* to
the ground state via the creation of an electron-positron pair.
This anomaly can be explained, for example, as a result of the
emission of a new X boson with a mass of 16.7 MeV, followed
by its decay X — e*e™ under the assumption that the X boson
has nonuniversal coupling constants with quarks and leptons
in the range 2 x 1074 < e <1.4x 1073, and its lifetime is
10714 < 1x <107!2 5 [83]. The results of the Atomki experi-
ment greatly enhanced interest in theoretical and experimen-
tal studies on the search for new light bosons and investiga-
tions of their properties (see [84-90]). Another strong
motivation for the search for a new light boson decaying
into an e*e” pair is associated with the hypothesis of the
existence of LDM.

A method for searching for the A’ — ete™ decay was
proposed in [62]. It is also applicable in the case of the
X(17) — e*e™ decay. Briefly, a high-energy electron beam is
directed into an electromagnetic calorimeter, which serves as
an active target. Usually, a beam electron loses all of its
energy in the target due to the complete absorption of the
electromagnetic shower generated by it. If the A’ (or X(17))
boson exists, then it must sometimes be produced by a shower
electron (or positron) due to the A’(X(17))—e~ coupling as a
bremsstrahlung particle in the scattering of an electron
(positron) on target nuclei:

e +Z — e +Z+A'(X(17)), A'(X(17)) —ete”. (49)
Because the A’ boson is a weakly interacting particle, it leaves
the target without interaction and can subsequently decay
into an e*e~ pair outside the target before the next down-
stream ECAL. In this case, it is assumed that A’ is a relatively
long-lived particle with a decay length Ly (see Section 2.3.1)
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Figure 6. (Color online.) NA64 bounds on the (y,m,) plane obtained at (a) ap = 0.5 and (b) op = 0.1 from complete 20162018 dataset. The regions
above the curves on which the observed LDM density is realized correspond to a low density of LDM, and the regions below those curves, to a high LDM
density. NA64 constraints in the plane («p, m, ) for (c) pseudo-Dirac and (d) Majorana LDM types, obtained under the assumption that the parameters of
the models correspond to the observed DM density in the present-day Universe. Areas below NA64 curves are excluded. Constraints are shown in
comparison with estimates obtained in [5-8, 16, 162, 163] from results of LSND [164, 165], E137 [166], MiniBooNE MB-e and MB-N [167], BaBar [159],
and experiments on direct search for LDM [168]. Preferred parameters explaining the observed density of relict LDM for scalar, pseudo-Dirac, and
Majorana LDM particles are shown by solid curves in Figs a and b (see, e.g., [11]). Also shown are combined bounds from NA64e and NA64p with
Neor = 10 plus Nyor = 2 x 10" (dashed line) obtained under the assumption of a negligibly small background.
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Figure 7. (Color online.) Schematic of the NA64 setup for the search for visible A’ — eTe™ decays resulting from the eZ — eZA’ reaction of an incident
electron with an active WCAL target.

e, 100 Ge_\_’

not too short compared to the target length L, such that the The NA64 setup is shown schematically in Fig. 7. The
probability of A’ leaving the target is at least 10%. The experiment involves an optimized electron beam with an
A'(X(17)) — ete™ decay signature is therefore an event with  energy of 150 GeV of the H4 channel in the northern zone of
two electromagnetic showers in the detector: one shower in  an SPS accelerator. The setup is identical to the one described
the target and the other in the next ECAL, with the sum ofthe  above for searching for A’ — invisible decays (see Section 3.2)
energies equal to the beam energy. except for using an additional WCAL electromagnetic



December 2021

Search for light dark matter in the NA64 experiment

1299

calorimeter as an active target for the production of A’, X(17)
[37, 62]. WCAL is a compact tungsten calorimeter for
increasing the sensitivity of searches for short-lived A’ and
X(17). Placed next after the WCAL is the ECAL electro-
magnetic hodoscopic calorimeter, at a distance of about
3.5 m, which serves to measure the energy of the ete™ decay
pair. The results presented in Section 3.3.1 were obtained
from data corresponding to 2.4 x 10'° and 3 x 10'° electrons
on WCAL targets of the respective lengths 40 Xj (290 mm)
and 30 Xj (220 mm). The data from these two sessions were
analyzed using similar selection criteria and combined taking
the appropriate normalization into account.

3.3.1 Data analysis and the background. Candidate events
were selected using criteria that maximize signal performance
with minimal background levels. The criteria were selected
based on both the simulation of the setup using Geant4 [77]
and the use of part of the data. According to the simulation
results, at least 30% of the total energy must be released by
signal events in the ECAL [61, 73].

As in the previous cases [38-40], a pure sample of about
10° rare events of p*p~ produced in the WCAL target was
used to correct the efficiency in the simulation. We also
analyzed the data with the choice of the signal region
90 < Eior < 110 GeV and the use of 20% (100%) data to
optimize the selection criteria (to estimate the background).

The most important background source was the decay
chain KJ — n'n% n° — ye*e™ from the leading K produced
in the WCAL and the photon conversion y — e*e™ from the
chain KJ — n°n® — 1% — yy on the channel material, for
example, in a T3 chamber. Another source of the back-
ground, related to hadronic decays KS — ntr~ that could
be erroneously identified as an electromagnetic shower in the
ECAL at a level below 2.5 x 1073, was estimated from the
results of measurements made with a pion beam. After
determining and optimizing the selection criteria and evaluat-
ing the background levels, the signal region was explored in
NA64, and no candidates for A’, X(17) — e*e™ decays were
found.

The NAG64 constraints [41] on the ¢ parameter as a
function of the A’-boson mass, together with the results of
other experiments, are shown in Fig. 8. The NA64 results
exclude the X boson as an explanation for the ¥Be* anomaly
for the X—e~ coupling constant ¢, < 6.8 x 10~* for the mass
mx = 16.7 MeV, while leaving the parameter region
6.8 x 107*< €. <1.4 x 1073 open to future searches, which
seem extremely interesting. A further increase in sensitivity in
the region of large X—e~ coupling constants is limited by a
decrease in the X boson lifetime with increasing e., 7x ~ 1/¢2,
which results in decreasing the probability of its escape from
the target, proportionally to exp(—Li/Lg) (where L4 ~
Ex/e2). It follows that moving into this region requires both
a decrease in the target length L; and an increase in the beam
energy [91].

We note that the Atomki collaboration recently reported
an observed similar excess of events with approximately the
same invariant mass in nuclear transitions involving another
nucleus, “He [92]. This sharply raises the importance of
confirming the observed excess of events by other nuclear
physics experiments, as well as by particle physics experi-
ments on independent searches for the X boson. To study the
remaining range of parameters corresponding to a short-lived
X boson with lifetime tx < 10713 s, the installation has to be
significantly upgraded with a new high-precision tracker and
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Figure 8. (Color online.) Domain excluded at a 90% CL level in the plane
mps(x17) — € according to the NA64 experiment (blue region). For a mass of
16.7 MeV, NA64 excludes the domain of (X, e™) coupling constants in the
range 1.2 x 107* < ¢, < 6.8 x 1074, The total admissible range of values
of ¢, explaining the ®Be* anomaly, 2.0 x 1074 <S¢, <1.4 x 1073 [83], is
shown with a vertical red bar. Constraints on ¢ obtained in other
experiments are also presented (KLOE: KELOng Experiment, HADES:
High Acceptance Dielectron Spectrometer, PHENIX: Pioneering High
Energy Nuclear Interaction eXperiment). (From [41].)

magnetic spectrometer, providing the possibility of also
reconstructing the invariant mass of the eTe™ pair for
unambiguous detection of the X boson [91].

3.4 Search for decays of scalar, pseudoscalar, vector,

and axial-vector particles

As noted above, it is important to search not only for the
LDM particles themselves but also for particles that mediate
the coupling of the hidden sector to the SM, especially in the
case of the existence of a hidden sector at mass scales up to
several GeV.

Most of the research on the NA64 experiment has
focused on LDM models based on the vector interaction
mediator A’. The analysis shows that the NA64 experiment
is sensitive to a much wider class of LDM models and also
to the search for light hypothetical particles such as axion-
like pseudoscalars or scalars with a photon or electron
coupling. A detailed consideration of all the extra possibi-
lities of the NA64 experiment is far beyond the scope of this
review. For illustration, we here present recent results of the
NAO64 experiment on the search for visible and invisible
decays of scalar, pseudoscalar, vector, and axial-vector
particles.

3.4.1 Search for decays of a scalar and a pseudoscalar into two
photons. Neutral scalar (s) or pseudoscalar (a) massive
particles are predicted in many extensions of a SM. The
most popular light pseudoscalar, the axion, used to solve the
CP-symmetry conservation problem in strong interactions
[93, 94], arises as a consequence of the violation of Peccei—
Quinn (PQ) symmetry [95]. Axion-like particles (ALPs)
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Figure 9. (Color online.) NA64 exclusion domain (darkened region) at a
90% CL for the coupling constant of ALPs coupled mainly to two photons
in the (m1,, gayy) plane, as a function of the scalar (pseudoscalar) mass 1.
Yellow band shows the domain of parameters for the leading axion
models; constraints from other experiments are also shown (KSVZ:
Kim-Shifman—Vainshtein—Zakharov axion model, DFSZ: Dine-Fisch-
ler—Srednicki—Zhitnitsky model, PrimEx: Primakoff experiment, LEP:
Large Electron Positron collider, CHARM: CERN-Hamburg-Amster-
dam-Rome-Moscow collaboration). (From [42].)

that are pseudo-Goldstone bosons arise in models with
spontaneously broken PQ symmetry (see, e.g., [96, 97]).
This makes ALPs a natural candidate for the role of
mediator of a new interaction between the dark and visible
sectors, or a candidate for the role of particles of DM itself.
ALPs can also explain the discrepancy between theory
and experiment for the muon anomalous magnetic moment
[64, 98].

The a—yy coupling is determined by the Lagrangian

Lint = _%gany;wFﬂvav (50)
where g,y is the coupling constant, F),, is the electromagnetic
field strength tensor, and F*' = (1/2)c***#F,z is the dual
tensor. Constraints on the ALP in the MeV and GeV ranges
were mainly obtained in beam-dump experiments or experi-
ments on ete~ colliders [15], and a substantial part of the
region, 107* < gayy <1072 GeV ! in the (m,, g4yy) parameter
space, remained unexplored. Theoretical predictions for
coupling constants, the mass scale, and ALP decay modes
are still rather vague. Therefore, it would be interesting to
search for such particles in the above range of masses and
coupling constants. One of the possible ways to answer
these questions is to search for ALPs in beam-dump
experiments. However, for coupling constants in the range
107% < gayy <1072 GeV~!, such a traditional approach is not
promising, because ALPs are expected to be relatively short-
lived, decaying mainly inside the beam absorber, in the mass
range below 1 GeV.

The NA64 collaboration conducted a model-independent
search for light scalar and pseudoscalar ALPs [42] using an
SPS electron beam. New particles, if they exist, could be
produced as a result of the Primakoff effect when hard
bremsstrahlung photons emitted by electrons with an energy
of 100 GeV interact in the NA64 active target with virtual
photons created by the target nuclei. The produced scalar s
and pseudoscalar a would penetrate through the first HCAL
module (see Fig. 3) used as protection, and would be observed
either via their decay a(s) — yy in other HCAL modules or as
events with a large missing energy, if the decay takes place

after passing the HCAL. This method allowed exploring the
(&a(s)yv» Ma(s)) Parameter space in a region inaccessible to
previous experiments. From the analysis of the data corre-
sponding to 2.84 x 10'! EOT, no evidence of such processes
was found [42], which allowed setting new bounds for the
a(s)—yy coupling constant depending on the a (s) mass in the
energy range below 55 MeV (Fig. 9). Further progress in the
mass range n,) > 55 MeV is limited by a rapid decrease in
the lifetime of an ALP with an increase in its mass,
t,' = g2,m;/(64m), and hence a rapid decrease in the
probability of the ALP decaying outside the HCAL1 module.

3.4.2 Constraints on the invisible scalar, pseudoscalar, vector,
and axial vector. Corollaries for (g —2),. Another category
includes NA64 searches for a new dark boson X in the mass
range below 1 GeV, which can be a scalar (S), a pseudoscalar
(P), a vector (V), or an axial-vector (A) particle [12] weakly
coupled to electrons or muons (study of the last option is in
progress). To avoid the stringent constraints obtained on the
visible decay modes of the light X boson from numerous other
experiments [15], it is assumed that the X boson decays
predominantly invisibly, i.e., I'(X — invisible)/I'yo ~ 1, for
example, into dark-sector particles.

The e—X coupling with a coupling constant gx defined as
gx = exe (where ex is a parameter and e is the electron charge)
is defined in the S, P, V, and A cases by the phenomenological
Lagrangians

Ls = gseeS,

Lp =igpeyseP,
Ly = gVE“/M"V# )
L4 =gaey,ysedy.

The NA64 collaboration analyzed data previously used in
the search for a dark photon decaying into invisible modes in
order to constrain models with axial-vector, scalar, and
pseudoscalar mediators [43] and obtained constraints on the
coupling constants in these models. The constraints on the
corresponding coupling constants ga = eae, gs = ese, and
gp = cpe [43] depending on the A’ mass are shown in Fig. 10 in
the plane (mx,ex). For ma > me, due to ys-invariance, the
constraints on ¢y = € and ¢4 coincide, as do those on ¢p and
€s, and the constraint on €g is weaker than the corresponding
constraint for ¢ by 30%. Thus, NA64 substantially con-
strained the A’-boson coupling constants to the electron for
renormalizable models with nonzero coupling constants gy,
ga, gs» and gp.

The appearance of new results [99] on the anomalous
magnetic moment of the electron, a. = (g — 2),/2, stimulated
additional interest in the search for new physics in this sector.
An ultra-precise experiment performed at the Laboratoire
Kastler Brossel (LKB) (France) with rubidium atoms ®’Rb
reported a new value of the fine structure constant:
o~ =137.035999206(11), measured with a relative accuracy
of 81/10'2 [99]. This result improves the accuracy of
determining o by a factor of 2.5 compared with previous
measurements performed in Berkeley with '¥7Cs atoms [98],
but, surprisingly, significantly differs from the latter, with a
difference of 5.40. Using these a measurements allows
predicting the magnitude of the anomalous magnetic
moment of the electron a, [100], which turns out to be 1.60
lower and —2.4¢ higher than its values aS*® measured
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Figure 10. (Color online.) NA64 exclusion domain (hatched area) at a 90%
CL in the parameter plane (mx, ex) for vector (V), axial-vector (A), scalar
(S), and pseudoscalar (P) X bosons. For comparison, constraints obtained
from the results of experiments at the Laboratoire Kastler—Brossel (LKB)
[99] and the University of California, Berkeley (Berkeley: B) [98] are also
shown.
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Figure 11. (Color online.) NA64 exclusion domains at a 90% CL in the
parameter plane (mx,|Aax|) for contributions of S, P, V, and A to a.
(regions above the corresponding curves). For comparison, experimental
bounds on the Aax values determined by Eqns (52) and (53) are also shown
with the respective black dashed and blue solid lines.

respectively at LKB and Berkeley [101]:

Ade = af™ — aP = (48 £3.0) x 1073 (52)

Age = a®® —aP = (—8.8+£3.6) x 10713,

e (53)
The Aag. errors mainly arise from uncertainties in the
measurements of aS*P. Because the SM predicts a certain
value of a. [100], the results of measurements of this quantity
in different experiments should be consistent with each other.
With the help of new measurements and improved calcula-
tions in the SM, it might be possible to clarify whether the
discrepancy between the results in (52) and in (53) is a
consequence of still unknown experimental errors or a
manifestation of the new physics in (g — 2), [102]. We note
that the result in (53) has already served as a motivation for
proposing a number of models aimed mainly at a possible
explanation of the discrepancy (53) due to physics beyond the
SM (see, e.g., [24, 57, 102-105]).

The results of the NA64 experiment presented above
allow estimating the contribution of the new ‘dark’ boson X
to a. [43]. The corresponding one-loop contributions to
(g —2), for mx » m, are [606]

Nag— & (M) (1 T (54)
9= 4 mx me 12)°
gl;z, Me 2 myx 11
AaP:4n2 (m—x) <—lnﬁe+§), (55)
2 2
_8v (me ']l
Aay = 4r <I X) 3’ (56)
2 2
_ 8 (me (>
Ay = 52 ( X) ( 3). (57)

Given the NA64 constraints on gy, ga, gs, and gp, we can use
formulas (54)—(57) to obtain constraints on the possible
contribution of these bosons to the anomalous magnetic
moment of the electron [43]. These constraints are in the
range |Aax|<1071°-1071 for S, P, V, and A with masses in
the <1 GeV region [43]; they are shown in Fig. 11 in the plane
(mx,|Aax]|) together with the experimental constraints on
|Aax| determined by the numerical values in (52) and (53). For
small masses mx <10 MeV, the bounds for |Aax| were
calculated taking corrections to asymptotic formulas (54)—
(57) into account.

The results obtained demonstrate an order-of-magnitude
higher sensitivity of the NA64 experiment to probing the new
physics than the current accuracy of determining a. from
recent experiments on precision measurements of the fine
structure constant and the anomalous magnetic moment of
the electron.

3.5 NA64 experiment with a muon beam

Asdiscussed in Section 2.4, if a new vector boson V (= Z,,) with
amass my <1 GeV exists, weakly coupled mainly to the second
and third generations of leptons, then this could explain the
muon (g, —2) anomaly recently confirmed in the E989
experiment at Fermilab. The NA64 collaboration proposed
to search for the Z,, boson in the mass range my < 2m,,, where it
decays mostly in the invisible mode Z,, — invisible, using an
M2 SPS muon beam [106, 107]. For example, in the case of a
model with the L,—L. coupling, the invisible decay mode of Z,,
is mainly associated with its decay into two neutrinos,
Z,, — vv. The proposed extension of the NA64 experiment
was named NA64yL. The aim of the experiment in its pilot run in
2021 with a muon beam with the energy ~ 100-160 GeV is to
assemble and launch the NA64p detector and conduct the first
search for Z,, with a coupling constant to the muon in the range
1073 < gy < 1073 [107].
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Figure 12. Diagram illustrating the production of a massive Z, boson in
the reaction p+ Z — p+ Z 4 Z,.. The Z, boson either is stable or decays
in the invisible mode into a pair of neutrinos for Mz, < 2m, ora utu~ pair
for Mz, > 2m,.

3.5.1 Search for the Z,-boson in the reaction p+7Z — p+
Z +Z,, Z, — invisible. The reaction producing a brems-
strahlung Z, boson in the elastic scattering of high-energy
muons by a nucleus (Fig. 12)

W+Z—pu+72+7,,7Z, — invisible (58)

is a rare process [108].2° This reaction is expected at the level
ay /<1078 (ay = g/ (4n)) with respect to the level of the
usual production of hard photons. This makes the search for
the Z,, boson at this sensitivity level a nontrivial experimental
problem.

A schematic view of a setup for searching for the Z,, boson
in reaction (58) is shown in Fig. 13. The detector involves two
magnetic spectrometers located before and after the target,
designed for independent sequential measurements of
momenta of the incoming and outgoing muons and for the
precise and reliable identification and reconstruction of the
initial and final muon states.

The spectrometer tracking system is a set of Straw Tube
ST1-ST4 and ST5-ST8 cameras for measuring the momenta
of the respective incident and scattered muons and ST9-ST12
cameras for muon identification. Scintillation counters S1
and S2 are used to determine the small size and divergence of
the primary muon beam, and the S3 counter identifies
scattered muons and serves to form a trigger. The active
target T is surrounded by an ECAL, which, in combination
with veto counters V1 and V2, serves as a veto system for
identifying the elastic scattering reaction (58) by highly
efficient detection of photons and other secondary particles
emitted from the target.

Down the beam, the detector is equipped with a highly
efficient massive and sealed HCAL located at the end of the

device. The HCAL consists of several modules, each of which
has transverse and longitudinal segmentation and is mainly
used for the effective identification of scattered muons and
registration of charged and neutral secondary particles
formed during the interaction of primary muons in the
target. The central part of the HCAL modules is a cell used
to detect scattered muons and secondary particles emitted in
the forward direction. The rest of each HCAL module serves
to efficiently detect secondary hadrons, electrons, and
photons produced in muon interactions p~Z — anything in
the target. The size of the HCAL central cells, track
chambers, and S3 counter was determined from a simulation
of the setup, including the requirement to effectively register
=90% of scattered muons with a momentum =30 GeV. To
suppress the background due to ineffective detection of
secondary hadrons, the HCAL must be completely sealed in
the longitudinal direction. To increase the air-tightness, the
selected HCAL thickness is ~ (20—30) 4y, Where Ain; is the
nuclear interaction length.

The search method with the use of the above-described
detector is as follows. The Z,, (or S) particles ** are produced
as a result of the bremsstrahlung of muons in the reaction
WZ — pZZ, (S), which occurs uniformly along the entire
length of target T. A fraction (f) of the energy of the
primary beam, E| = fE,, is carried away by the scattered
muon, which is detected by the second magnetic spectro-
meter tuned to register momenta p < fp,. The rest of the
primary muon energy (1 —f)E,, as a result of the rapid
decay Z,, — invisible, is carried away from the installation,
resulting in an event with missing energy Emiss = E, — E}i
An indication of the existence of Z, produced in p~Z
interactions in the target and decaying in the invisible
channel is given by an excess of events with one incoming
and one scattered muon, accompanied by an absence of
energy release in the detector compared to the expected
background.

3.5.2 Background and the expected sensitivity of the experi-
ment. Background sources leading to a signal signature can be
classified as follows: (a) physical backgrounds from SM
processes due to insufficient air-tightness of the detector;
(b) backgrounds associated with the quality of the beam, for
example, caused by decays of impurity hadrons in a muon
beam; (c) backgrounds associated with measurement errors,
for example, of the scattered muon momentum [106, 107].
Exploring these backgrounds down to the <10~'2 level with
full-fledged detector simulation would take too much
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Figure 13. (Color online.) Schematic outline of NA64u setup for the search for invisible Z,, decays in the reaction pZ — nzZZz, [106].

2 Z, need not necessarily be a vector boson. There are models with a
scalar S boson, primarily coupled to the muon.

%4 Here, S is understood as a light scalar particle coupled primarily to the
muon and other second- and third-generation quarks and leptons, with the
interaction Lagrangian Ly = gsfiuS.
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Figure 14. (Color online.) Parameter range for a (a) muon scalar (S) and (b) muon vector (V) particle (see [26, 106, 107]). (a) Expected sensitivity for
searching for a dark scalar S in NA64y experiment [106, 107] under the assumption of the absence of backgrounds and in M* FNAL experiment [169].
(b) Expected sensitivity to the vector mediator. It is assumed that S and V decay mostly invisibly. Green curves bound the domain of parameters for which
such particles can explain the (g, — 2) anomaly with an accuracy of 2¢. Domains above NA64 curves are expected to be excluded.

computer time. Therefore, only those background sources
identified as the most dangerous were considered and
evaluated, either using Monte Carlo methods in combina-
tion with other numerical calculations or directly from the
data of preliminary measurements, as, for example, in the
case of evaluating the background from decays of impurity
hadrons in a beam or error measurements from the NA64
data obtained with an electron beam. The general back-
ground is expected to be <1012 [106, 107]. The contribution
of additional subdominant background sources (for example,
asymmetric decays i — evv accompanied by the production
of low-energy muons in the HCAL by decay electrons, cosmic
muons, etc.) is negligible. This estimate means, for example,
that, for ~ 10'?> accumulated events, the search for Z,(S,) is
expected to be background-free.

To estimate the expected sensitivity, we used the modeling
of the Z,, production process in the detector shown in Fig. 13.
Calculations of the production rate and energy distribution of
muons produced in SM reactions in the target are based on
the results in [109]. The calculated fluxes and energy
distributions of scattered muons produced in the target are
used to predict the number of signal events in the detector.

Based on the relation 77" > nz,, where n)%" =2.3
events is the upper bound at 90% CL for the number of
signal events, we can estimate the expected constraints of the
proposed experiment, which are shown in Fig. 14 together
with the values of the coupling constants gs and gy needed to
explain the (g, —2) anomaly depending on the Z, (or S,)
mass. These bounds were obtained for the scattered muon
energy 10 < E; <100 GeV and the efficiency of 50% signal
events in the absence of a background for 10> muons on
target (MOT) [106, 107]. Within these approximations, the
statistical limit of the sensitivity of the proposed experiment is
mainly determined by the number of accumulated events.

We note that the experiment described above also allows
sensitive searches for A’ bosons with masses 2m,, which
makes it possible to test the range of y—A’ mixing and LDM
parameters that is inaccessible to the NA64 experiment on an
electron beam, thereby making these experiments comple-
mentary to each other [80].

3.6 Combining the results of the NA64e

and NA64p experiments

As we have noted, the expected NA64e and NA64u bounds
for the y—A’ mixing parameter allow obtaining joint
constraints on the LDM model. The annihilation cross
section of the LDM particles into observed particles is
proportional to the mixing squared, e2. Therefore, using
the constraint on this quantity, we can obtain a constraint
in the plane of parameters (y,m,), where y=
czocD(n1x/mAf)4, and thus constrain the LDM models with
the mass m, <1 GeV. The joint bounds obtained from the
data of the 2016, 2017, and 2018 runs and the expected
bounds of a future NA64 run are shown in Fig. 6a,b
together with the combined NA64e and NA64p bounds for
the respective statistics of 10! EOT and 2 x 10'* MOT
[40]. The NA64 results were also compared with those from
other experiments.

We emphasize once again that the number of y particles
produced in the NA64 experiment is proportional to ¢2, while
the corresponding number of signal events in beam-dump
experiments is proportional to e*ap. Therefore, for suffi-
ciently small values of ap, the NA64 bounds for the ¢?
parameter are much stronger. This is illustrated in Fig. 6b,
where the NA64 bounds are shown for ap = 0.1. It is easy to
understand that, for this and smaller values of ap, the direct
search for LDM on NA64e with 5 x 10'2 EOT excludes scalar
and Majorana LDM models for ma//m, =3 in the mass
range up to m, <0.2GeV. At the same time, NA64, in
combination with NA64p, will be able to exclude models
with ap < 0.1 for masses up to m, <1GeV. We thus see that,
for masses m, <1 GeV, the joint NA64e and NA64p
constraints are stronger than the bounds obtained from the
results of NA64e alone.

4. Other experimental constraints

At present, there are quite a few experimental constraints on
models with light A’ bosons. In this section, we briefly
mention the most interesting experiments from our point of
view and their results.
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Figure 15. (Color online.) Bounds on the mixing parameter ¢> at a 90%
CL depending on the A’ boson mass for visible A’ decays. Color shows
excluded domains (WASA: Wide Angle Shower Apparatus). (From

[114].)

4.1 Visible A’ decays

4.1.1 Fixed-target electron experiments. Experiments with a
fixed target APEX (A Prime EXperiment) [110] at the
Jefferson Laboratory and Al in MAMI (Mainzer Mikro-
tron, Mainz) [111] used the reaction e"Z — e~ ZA’ to search
for A’ with its subsequent decay into an electron-positron
pair, A’ — eTe™. The absence of a resonance peak in thee™e™
invariant mass distribution allows obtaining upper bounds on
the vector and axial-vector constants gy, = €e and gae = €ace
of the A’-boson coupling to the electron (Fig. 15).%° The Al
collaboration excluded the parameter domain explaining the
(gu —2) anomaly for masses 50 < mar < 300 MeV in the
model with a dark photon [111]. At the same time, the APEX
collaboration, using an electron beam with the an energy
~ 2 GeV at the Jefferson Laboratory, excluded a similar
range of parameters for masses 175 < mar < 250 MeV [110].

4.1.2 Electron—positron experiments. The BaBar collaboration
at the Stanford Linear Accelerator Center (SLAC) [112]
searched for visible decays of A’ bosons in the reaction
efe” — yA’, A’ — [*]~ (where [ =e, p), which manifest
themselves as a peak in the invariant mass distribution of the
lepton pair /*/~. For the model with a dark photon, the
mixing parameter € ~ 102—1073 was excluded, depending on
the mass in the range 0.212 < ma, < 10 GeV [112] under the
assumption that the visible decays of A’ dominate (see Fig. 15).

The KLO LOng Experiment (KLOE) in Frascati (Italy)
searched for A’ in the reactions ete™ — ® — nA’ — nete”
and efe” - ® — 7y (A’ — pTp7) [113]. The constraints
obtained are weaker than the corresponding constraints
from the NA48/2 [114] and MAMI [111] experiments.

The BaBar collaboration also wused the reaction
ete” —» Z'ptu, Z' — ptp~ to search for a Z’ boson
coupled primarily to a muon. The use of this process allows
substantially constraining the coupling constant gy, of the Z’
boson to the muon. The results obtained exclude the model

25 For mas > m,, in view of chiral invariance, the constraints on gy, and
gAe are identical.

with the L,—L. coupling as an explanation for the (g, —2)
anomaly for mz 2200 MeV [115].

4.1.3 Fixed-target experiments with a proton beam. In the
NA-48/2 experiment at CERN, secondary beams of K* and
K~ were used to search for light A’ bosons in t°-meson decays
[114]. The decays K* — n*n’and K* — n’p*v were used to
obtain tagged n°. It was assumed that the source of A’ is the
decays ¥ — yA’, and the A’ boson itself manifests itself
as a narrow peak in the invariant mass distribution of the
ete” pair from the subsequent decay A’ — ete™. For the
model with a dark photon, the obtained NA-48/2 con-
straints exclude the explanation of the (g, — 2) anomaly for
the mass range 9 < ma < 70 MeV [114] (see Fig. 15). We
emphasize that the n° — yA’ decay width is proportional to
(gvugu — gvaqd)2 = (2gvy +ng)2/9 and for models with
nonuniversal coupling constants of the A’ boson, for
example, for a model with the L,—L. coupling, the NA-48/2-
constraint [114] is not applicable.?®

4.1.4 ATLAS and CMS constraints on light particles in Higgs
boson decays. The ATLAS collaboration searched for a
new 7y4 particle in the Higgs boson decays h — 2y, + X
and h — 4y, + X [116]. Under the assumption that the
new y4 boson decays mainly into a muon pair, constraints
on the branching ratios (BRs) BR(h — 2y4+ X) and
BR(h — 4y4 + X) were obtained [116]. We emphasize that,
for the model with a dark photon, the constraint on the ¢
parameter is rather weak. The CMS collaboration also
searched for new particles [117] in the Higgs boson decays
h — 2a + X — 4p + X. Constraints similar to the corre-
sponding ones in the ATLAS collaboration were obtained.

4.1.5 LHCD constraints on the decay A’ — p*p~. The LHCb
collaboration searched for A’ bosons using the visible decay
A’ — putp~ [118]. The A’ were assumed to be produced either
in direct pp collisions or in decays of n’(n) mesons [118].
Under the assumption that the A’ boson is produced due to
nonzero YA’ mixing, a constraint on the ¢ parameter was
obtained in the A’ mass range from 214 MeV to 70 GeV for
direct A’ decays and for 214 < ma < 350 MeV for a long-
lived A’ [118]. These constraints are currently the strongest in
the mass range 10.6 < ma < 70 GeV.

4.2 Invisible A’ decays

4.2.1 Constraints from the decay K — = + invisible. The light
vector A’ boson can be produced in the decay K — mA’, in full
analogy with the well-known decay K — ny* of a K meson
into a © meson and a virtual photon. For the model with the
dominant decay of A’ into invisible modes, a nontrivial
constraint on the mixing parameter of the A’ boson arises.
Namely, the results of the BNL E949 and E787 experiments
[119] measuring the K+ — ntvv decay width were used to
obtain the upper bound for BR(K* — n"A’) under the
assumption that the A’ — invisible decay dominates. In the
model with a dark photon, the explanation for the (g, —2)
anomaly was excluded for ma, > 50 MeV, except for a narrow
region near my = my [120, 121]. We note that NA 64 sets more
stringent constraints on ¢ than E949 and E787 do (see Fig. 5).

26 In [83], a model with 2gv, + gva ~ 0 was proposed as an explanation for
a recent indication of the observation [82] of a narrow resonance with a
mass of 17 MeV in a peak of the e"e™ invariant mass distribution in
nuclear transitions (see Section 3.3).
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4.2.2 Electron—positron experiments. The BaBar collaboration
[122] used the reaction ete~ — yA’, A’ — invisible to search
for invisible decays of the A’ boson. Assuming that the
invisible decays of A’ dominate, we obtain the constraint
€ < 1073, which is independent of the mass of A’ for
ma < 9.5 GeV (see Fig. 5).

4.2.3 Electron beam-dump experiments. In electron beam-dump
experiments, the reaction eZ — eZA' is used to produce an A’
boson in a passive target. After passing through the protection
necessary to suppress the backgrounds, A’ bosons can manifest
themselves in visible decays A’ — eTe™, ptu~. If A’ decays
mainly in the invisible modes into LDM particles, A" — y¥,
elastic scattering ye — ye, yN — yN allows detecting LDM
particles in the far detector. The results of electron beam-dump
experiments at SLAC [123] and Fermilab [124] were used to
obtain constraints on the A’ coupling constants [125]. In the
case of dominant decays of A’ into invisible particles, these
experiments exclude the range 1077 <e< 107 for
ma < 20 MeV (also see Fig. 6). At the same time, the E137
experiment yields the strongest constraints and excludes the
parameter y = ¢2up (m, /ma)* at thelevel y = 10711(1072) for
ma < 1(100) MeV [125].

4.2.4 Proton beam-dump experiments. In proton experiments,
the main source of A’ bosons is the reaction pZ — n’(n) + . ..
with the subsequent decays n’(n) — yA’ of the n° and n
mesons [126, 127]. In the case of a dominant A’ decay into
LDM particles, A’ — x¥, the scattering reactions ye — yxe
and yN — %N on electrons and nuclei are used to identify
LDM in the target of the far detector.

The liquid scintillator neutrino detector (LSND) [128]
at Los Alamos was designed primarily for neutrino
detection. Neutrinos arise mainly from the reaction pZ —
nt +... with the subsequent decay n* — ptv,. LSND
data for N = 10** POT also allow restricting the coupling
constants of a dark photon to quarks using the chain of
processes pZ — n’(n® — yA’) 4 ... as the source of the A’
boson. The resulting LSND constraints on the parameter y =
ezocD(mX/mAf)4 are usually much stronger than the corre-
sponding constraints in the E137 experiment (see Fig. 6).

The MiniBooNE (BooNE: Booster Neutrino Experi-
ment) experiment at Fermilab is also a proton beam-dump
experiment using an §-GeV booster. As in the LSND, dark
photons are produced mainly in the decays of n° mesons and
are detected in an 800-ton Cherenkov target detector located
approximately 500 m away from the beam absorber. Mini-
BooNE obtained the parameter constraint y < 108 for
ap = 0.5 with DM particle masses 0.01 < m, < 0.3GeVina
run with 1.86 x 102 POT [129].

The main goal of the Coherent experiment [130] at Oak
Ridge National Laboratory (USA) was to measure coherent
elastic neutrino—nucleus scattering (CEVNS) and verify the
quadratic dependence of the cross section on the number of
nucleons in the nucleus. The results of measurements of the
CEVNS cross section in the Coherent experiment [131] are in
agreement with the SM predictions. Coherent is a beam-
dump experiment, and LDM is formed mainly in the decays
1 — yA’ — yy¥ and can be identified by means of coherent
elastic scattering with nucleus recoil. In [132], recent data
from the Coherent experiment [131] were used to derive
constraints on the LDM parameters. For 1 < m, < 90 MeV,
a constraint on ee]l)/ ? was obtained, placing it between 1073
and 1074,

4.3 Constraint from the v,N — v,Np*p~ reaction
Studying muon pair production under the action of neutrinos
in the Coulomb field of a nucleus, v,N — v,Np*p~, allows
constraining the model in which the Z’ boson is coupled to the
L, — L current. The data from the CHARM and CCFR
(Chicago—Columbia—Fermilab—Rochester) experiments
exclude a Z’-explanation of the (g, —2) anomaly for the
mass range mz: = 400 MeV [133].

4.4 Nonaccelerator constraints

In this section, for the sake of completeness, we briefly present
the main astrophysical and cosmological constraints on the
parameters of LDM models.

4.4.1 Constraints from cosmic microwave background radia-
tion. Residual annihilation of DM particles after the stage of
nonequilibrium annihilation but before the recombination
stage can additionally ionize hydrogen atoms, thus modifying
the CMB spectrum. The constraints obtained from the data of
the Planck experiment [71] exclude s-wave annihilation of
DM particles with a mass less than 10 GeV. The p-wave
annihilation is allowed, because the cross section is sup-
pressed by the factor 7/m,. LDM models with pseudo-
Dirac fermions [6, 54] are also possible.

4.4.2 Constraints coming from stars. Light A’ bosons can be
produced in stars. The possible loss of energy in stars, for
example, in the Sun, due to the radiation of A’ bosons allows
obtaining strong constraints on the parameter ¢ < O(10~14)
for masses ma < 0.01 MeV [134, 135]. In addition, for masses
mas < 0.3 MeV, similar, but weaker, constraints on ¢ can be
obtained from data on red giants [134, 135].

4.4.3 Constraints from the supernova SN1987a. The con-
straints from SN1987a are based on the fact that, if A’ or
other light particles are produced in large quantities, then
they reduce the amount of emitted invisible energy in the form
of neutrinos, which would contradict the experimental data.
In [136], constraints on the ¢ parameter were obtained for the
model with a dark photon. Constraints exist for masses
ma < 120 MeV [136], and in the most interesting case
mar = 2me, the resulting constraint € > O(1077) does not
restrict LDM models too strongly.

4.4.4 Constraints from nucleosynthesis. Nucleosynthesis in the
early Universe can be used to obtain constraints on the
coupling constants of LDM models. During the first few
minutes after the Big Bang, the temperature in the Universe
dropped sharply due to the expansion of the Universe. During
the expansion, some light elements were formed, and the
prediction for the abundance of these elements in the
Universe coincides with experimental data [137]. The con-
straints on new interactions are based on the fact that the
existence of a new relativistic particle increases the rate of the
expansion of the Universe. A higher expansion rate increases
the temperature of the neutrino decoupling from equilibrium,
and therefore the n/p ratio and hence the abundance of *“He
increase. The observed value of the density of “*He allows
constraining the coupling constants of a new hypothetical
relativistic particle. For the model with a dark photon,
constraints on the coupling constants were obtained in [138].
A dark photon with a mass ma: < (7-10) MeV is ruled out as
a mediator between observable matter and DM [139]. We also
note that the constraint m, > O(1) MeV on the masses of
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LDM particles was obtained from the experimental con-
straint on the number of neutrinos [140].

4.5 Direct detection of light dark matter

The main problem arising in the detection of LDM particles
via their scattering on nuclei is the small value of the nucleus
recoil momentum [6]. The speed of DM particles v, ~ 1073c,
and the maximum possible energy transfer is proportional to
the square of the effective mass t.q = Mnucleiy / (Mnuciei+ My ).
The recoil energy of the nucleus is given by [6]

2

L <190 eV

Myyclei

y m, \’([16 GeV
500 MeV Mpuclei ’

which makes the detection of LDM particles with a mass
my < O(1) GeV on nuclei an extremely difficult problem.
There remains a possibility related to the use of elastic
scattering on electrons [6]. For elastic scattering of LDM
particles on an electron, the maximum possible energy
transferred to the electron is

2 2
q < 2'uredv
~
2Mnyelei

Exg =

(59)

1
E. < zmxv; <3 eV( My ) . (60)

MeV

Bound electrons with a binding energy AE}, can generate a
measurable signal if [6]
AE,

my, =03 MeV =2

TV (61)

The nonrelativistic elastic cross section of scalar and Dirac
LDM particles with m, > m. can be expressed as [6, 141]

16Tcmczoc62rxD

a(ex — ex) R S
A/

(62)
whereas the elastic scattering of Majorana particles is
suppressed by the factor ky = (2mZ/m7 vy,

2.2
_ lémmSace och

O—(67(.Maj0rana - eXMajorana) = 1 M,
mA/

(63)
which makes the direct detection of Majorana particles in the
model with a dark photon extremely difficult.

The XENONIT collaboration recently published new
record-breaking results [142] on the search for elastic
scattering of LDM particles by electrons. New constraints
on the elastic scattering by electrons were obtained for
m, = 30 MeV. For the model with a dark photon, the use of
formula (62) and the results in [142] allow obtaining a
constraint on €%ap. In Fig. 16, we compare the upper bounds
obtained at a 90% CL for the elastic cross section for electron
scattering by LDM particles in the model with a dark photon
based on the NA64 experiment [40] and the constraints
obtained in the BaBar and XENONIT experiments [142] at
ap = 0.1. For m,, < 50 MeV, the NA64 constraint based on
formula (63) for the elastic cross section of the scattering of
LDM particles by an electron is stronger than the constraint
from the XENONIT experiment. For pseudo-Dirac fermions
with a moderate 6 = (m,, — my, )/m,,, the electroproduction
reaction ;e — yx,¢ for nonrelativistic ; LDM particles is
prohibited by virtue of the energy conservation law. Elastic
scattering y,e — Y, ¢ is absent at the tree level, which makes
LDM detection extremely difficult.
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Figure 16. (Color online.) Comparison of upper bounds of the cross
section of elastic scattering of LDM particles by an electron at a 90% CL
obtained from NA64 [40] and BaBar constraints on the mixing parameter e
and from direct searches in the XENONIT experiment [142]. Blue curves
are calculated for op = 0.1, dashed curve corresponds to ap = 0.5,
yellow curve shows XENONIT bounds obtained without considering
signals with < 12 produced electrons (see [142]).

5. Other future experiments

At present, quite a few experiments are planned to search for
A’ bosons and LDM using accelerators. In Sections 5.1-5.8,
we briefly mention the most interesting experiments, from our
point of view, on the search for A’ bosons for both the visible
and invisible decay modes. A more detailed description can be
found in review [143].

5.1 SHiP experiment at CERN

The SHiP (Search for Hidden Particles) experiment [144] at
CERN involves the search for visible decays A’ — ete™,
ptu~, ntn~ of long-lived A’ bosons based on the use of an
SPS beam. SHiP can also search for LDM by detecting
elastic scattering of LDM particles by electrons and
protons. It is expected that the main backgrounds asso-
ciated with elastic neutrino scattering processes can be
suppressed. For 2 x 102 POT, the achievable sensitivity for
y = 2ap(my /ma)isy2 10713 form, < O(1) GeV[145, 146].
The experiment is under development.

5.2 Belle-1I at KEK

Belle-II of the Japanese high-energy physics organization
KEK [147, 148] is a multipurpose detector sensitive to
invisible A’ decays by searching for monophotons in the
reaction ete” — y (A’ — invisible) in the mass range
ma < 9.5 GeV. The Belle-II detector can also search for
visible decays of the A’ boson. The first data with total
luminosity L; = 50 ab™! are planned to be obtained by 2025.
The sensitivity to the ¢ parameter is expected to be up to
€2 > 107 for mpa < 9.5 GeV.

5.3 MAGIX experiment at MESA

Visible dark photon decays are to be searched for using the
MAGIX dipole spectrometer (MESA Gas Internal target
eXperiment) (Mainz) using a polarized electron beam with
the energy ~ 105 MeV. An electron beam with such
parameters is expected to be obtained at the MESA (Mainz
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Energy-recovering Superconducting Accelerator) [149]. The
electroproduction reaction eZ — eZA’ together with the
visible decay mode A’ — e*e™ will be used to identify the A’
boson. The expected sensitivity to > for masses
10 < ma < 60 MeV is ~ 1079, It is also planned to search
for invisible A’ decays into LDM particles [149]. The
sensitivity to y is expected to reach y = 10~!4. The experi-
ment has been approved. The first data collection is planned
to start in 2023.

5.4 FASER experiment

In the FASER experiment (ForwArd Search ExpeRiment)
[150] at CERN, proton collisions in the ATLAS experiment
are used to search for dark photons and other new particles
produced in the diffraction region of pp collisions. A’ bosons
are produced mainly at small angles to the proton collision
axis. Calculations show that the main production reactions A’
in proton-proton collisions are direct production pp — A’X
as well as the production of A’ in n(n) — A’y decays. It is
assumed that long-lived A’ bosons decay into eTe™ and
utu~ pairs at an installation located at a distance of 480 m
from the collision point. The signature of such a decay is the
presence of two high-energy tracks of charged particles with a
small angle between them and a common vertex. Calculations
show that, for the integrated luminosity of the ATLAS
experiment L = 300 fb~!, FASER is sensitive to A’ decays
with masses 10 MeV < ma < 1 GeV and the mixing para-
meter 1070 < ¢ < 1073,

5.5 PADME experiment

In PADME (Positron Annihilation into Dark Matter Experi-
ment) in Frascati (Italy), the scattering reaction of positrons
with the energy <500 MeV by electrons of a thin target,
ete” — yA’, including resonant A’ production, is used to
search for a dark photon decaying in both visible and invisible
modes [151, 152]. At 10'3 POT, a sensitivity to the €2
parameter of up to 1077 is expected for ma < 24 MeV [151,
152]. The experiment has been approved.

5.6 BDX experiment at the Jefferson Laboratory

BDX is a Beam-Dump eXperiment involving an intense beam
of 10.6-GeV celectrons at the Jefferson Laboratory (JLab)
(USA) [153, 154]. The LDM particles produced in the target
in the process eZ — eZA’; A’ — y pass through a protecting
shield and are detected via elastic scattering ey — ey on
electrons in the far detector. The expected sensitivity to the y
parameter is at the level y > 107" for 1 < m, < 100 MeV.
The experiment has been approved.

5.7 DarkLight experiment at the Jefferson Laboratory

In the DarkLight experiment, dark photons are produced in
the reaction ep — epA’ in collisions of 100-MeV electronsin a
gaseous hydrogen target [154, 155]. The main feature of the
experiment is the possibility of detecting a scattered electron
and a recoil proton, and hence the ability to reconstruct
invisible decays of A’. It is also possible to search for visible
A’ — ete™ decays. A sensitivity at the level ¢ > 107 is
expected for masses 10 < muy < 80 MeV. The experiment
has been approved.

5.8 LDMX

LDMX (Light Dark Matter eXperiment) is an experiment
similar to NA64, with the A’ electroproduction reaction on a
thin target, eZ — eZA’, A’ — yY, to be used to search for the
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Figure 17. (Color online.) Comparison ata 90% CL of search prospects for
LDM in NA64, LDMX, and SHiP experiments. Black solid line shows the
sensitivity of the SHiP experiment. Green solid (dashed) curve corre-
sponds to the LDMX experiment with incident electron energy
Ec =4 GeV and NEOT =4 x 1014 (Ec =8 GeV and NEOT =1.6x 1015).
Blue curve corresponds to expectations of the NA64 experiment from
combined data with Ngor = 10"® and Nyor =2 x 101* under the
assumption of a negligibly low background level.

dark photon at incident electron energies of 4 and 8 GeV
[156]. Unlike NA64, LDMX is capable of measuring both the
missing energy and the missing momentum, which can be
important for better suppression of the backgrounds. A
sensitivity to the ¢ parameter of up to 107° is expected at
ma =1 MeV [156]. The modified LDMX will be able to
improve the sensitivity to the ¢ parameter by an order of
magnitude, to 1077 [156].

Figure 17 shows prospects for the LDM search based on
the use of the invisible decay mode of the dark photon into
LDM nparticles for the three most interesting experiments:
NA64, LDMX, and SHiP. It can be seen from the figure that
the prospects for NA64 and the first stage of LDMX with
energies of electrons incident on the target £, = 4 GeV and
with Ngor = 4 x 10'* are comparable. When the second
phase of LDMX with the energy E. = 8 GeV and Ngor =
1.6 x 10 is realized, LDMX will have a better sensitivity to
the search for LDM. The experiment is currently at the
development stage.

6. Conclusion

LDM models that are renormalizable extensions of the SM
explain the origin of DM and its observed relict density in the
Universe by introducing a new interaction between the
hidden and visible sectors, realized by a light mediator. It is
surprising that predictions of the masses and coupling
constants of LDM particles and the mediators of new
interactions lie in a range accessible to searches in modern
accelerators, which makes them extremely attractive for
experimenters, stimulating additional efforts to develop new
methods and improve the sensitivity of LDM search experi-
ments.
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One such approach, developed in the NA64 experiment, is
based on the search for energy nonconservation in the
processes of scattering of charged leptons by a nucleus.
These processes are also of great interest because their
observation would clearly go beyond the framework of the
SM and require its significant extension. The very fact of the
discovery of DM in the Universe without a doubt increases
interest in such searches and gives hope for obtaining
experimental indications of the existence of LDM in the
near future. Negative results would allow excluding this
class of models, thereby narrowing the range of viable
candidates.

The search for LDM in missing-energy events based on
the active beam-dump method in the NA64 experiment has
allowed obtaining record constraints on the parameters of
LDM models with a vector mediator. Future NA64 searches
using electron and muon beams and especially their combined
results have good prospects in a wide range of parameters of
LDM models in the mass range 1 MeV < ma < 1 GeV. With
the statistic of 5 x 10'2 EOT, the NA64 is able to test scalar
and Majorana LDM models with the mass ratio
mar/my =2.5. The joint results of NA64e and NA64p
obtained with electron and muon beams for =>10'* EOT
and 2 x 1013 MOT will allow exploring the region of model
parameters with a pseudo-Dirac LDM for mas/m, > 3. This
makes NA64e and NA64p complementary and significantly
increases the chances of discovering LDM.

There are several alternatives to the model with a dark
photon based on the use of gauge symmetries such as L, — L,
U(1)p,, or U(1)z,. [6, 11]. As in the model with a dark
photon, the observed value of the DM energy density allows
estimating the parameter ¢ of the coupling of a new light Z’
boson to the electron. The ¢ value in such models is the same
as in the model with a dark photon up to a factor k < 3[6, 11],
and therefore NA64e can test these models as well. For
example, for a model with the vector B— L coupling, NA64e
is able to exclude scalar and Majorana LDM models, in full
analogy with the model with a dark photon. However, we
emphasize that, because the annihilation cross section is
proportional to (m3, — 4m;)72 in the resonance region with
mar ~2m, and the predicted value of ¢? is inversely
proportional to the cross section, this can reduce the value
of ¢2 by 2 to 4 orders of magnitude compared with that in the
case of the frequently considered reference point ma//m, =3
[6]. This means that the study of the range of parameters
mar = 2m, would require additional effort from both NA64
and planned experiments [144—156].

The established accelerator experimental constraints
significantly narrow the possibilities of explaining the muon
(g —2) anomaly by the existence of a new light boson,
although not completely eliminating this hypothesis.?’” The
most popular model, in which the dark photon A’ interacts
with the electromagnetic current due to a nonzero mixing, is
ruled out by NA64 [38] and BaBar [122]. The coupling of the
Z’ boson to the L,—L, current, which explains the muon
(gu — 2) anomaly, is excluded for mz > 2m,,. The search for
Z’ with a mass in the range myz < 2my,, is planned in the
NAG64p experiment.

The nature and origin of DM have not yet been
established. In the near future, important experiments on
the DM search will be carried out. These experiments, such as
NAO64, Belle-11, LDMX, and others, will be very challenging.

27 A review of nonaccelerator constraints is available in [157].

But they have good prospects of detecting LDM, if it exists,
after several years of operation.
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