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Thermal dark matter models with particle y masses below the electroweak scale can provide an
explanation for the observed relic dark matter density. This would imply the existence of a new feeble
interaction between the dark and ordinary matter. We report on a new search for the sub-GeV y production
through the interaction mediated by a new vector boson, called the dark photon A’, in collisions of 100 GeV
electrons with the active target of the NA64 experiment at the CERN SPS. With 9.37 x 10'! electrons on
target collected during 20162022 runs NA64 probes for the first time the well-motivated region of
parameter space of benchmark thermal scalar and fermionic dark matter models. No evidence for dark
matter production has been found. This allows us to set the most sensitive limits on the A’ couplings to
photons for masses my < 0.35 GeV, and to exclude scalar and Majorana dark matter with the y — A’
coupling ap, < 0.1 for masses 0.001 <m, <0.1 GeV and 3m, < my.
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Thermal light dark matter (LDM) with DM particle (y)
masses below the electroweak scale, m, < 100 GeV, is
one of the most popular candidates to explain the origin of
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Schematic illustration of the setup to search for A’ — invisible decays of the bremsstrahlung A’s produced in the reaction

eZ — eZA' of 100 GeV e~ incident on the active ECAL target in 2021-2022 runs.

DM number density froze out at the value when equilibrium
was lost. In this scenario, the existence of a new interaction
between the y and the standard model (SM) is required to
accommodate the relic DM density [1,2]. In one of the most
interesting cases, this interaction could be transmitted by a
new vector boson, called the dark photon (A”). The A’ could
have a mass in the sub-GeV mass range, and coupling to
photon via the kinetic mixing term (e/2)F,, F**. Here, F,,
and F),, are the stress tensors of the photon and dark photon
fields and € is the mixing strength [3-6]. The massive A},
field, associated with the spontaneously broken Up(1)
gauge group, has the dark coupling strength ep [of the
Up(1) gauge interactions] to y, which is given by
L = —e€ DA//,J’Z), where Jp is the dark matter current.
The mixing term results in the interaction Ly, = eeA,Jen
of the A’ with the electromagnetic (em) current J4;,, with a
strength ee, where e is the em coupling and € < 1 [7-9].

If the A’ is the lightest state in the dark sector, then it
would decay mostly to a visible state, i.e., to SM leptons or
hadrons [10-18]. However, if the decay A’ — yy is kine-
matically allowed, the A’ would dominantly decay invisibly
into y’s provided m, < my /2 and ep > €e. Various LDM
models motivate the existence of sub-GeV y’s which could
be either scalar, Majorana, or pseudo-Dirac particles
coupled to the A’ [19-25]. Models introducing the invisible
A’, ie., that invisible decay mode is dominant,
T'(A" = 7y) /T = 1, are subject to various experimental
probes leaving, however, a large parameter area still to be
explored.

Imposing the thermal freeze-out condition of DM
annihilation into visible sector through y — A’ mixing
allows one to predict values of the parameter

m 4
y:aD€2< *) . (1)
nmy

which defines the annihilation cross section and hence the
relic DM density, and also relates the dark coupling a, =
e2,/4x and mixing € by

10\2/  my \*[10 MeV\2
~0.02 2
“p f( ¢ > <1OOMeV> ( m, ) @)

where the parameter f depends on m, and m, [1]. For
(my/m,) =3, f < 10 for the scalar [21], and f < 1 for the
fermion case [22]. The accessibility of the predicted y and
ap values in direct searches and at accelerator experiments
motivates a worldwide effort towards study of dark forces
and other portals between the visible and dark sectors; see,
e.g., Refs. [21,26-52].

In this Letter, we report new results on the search for the
invisible A’ mediator and light-dark matter in the fixed-
target experiment NA64 at the CERN SPS [53,54],
obtained from the combined statistics of 2016-2022 runs.
The search method, proposed in Refs. [55,56], is based on
the detection of missing energy, arising from prompt
decays A’ — yy of the hard bremsstrahlung A’ produced
in the process e"Z — ¢~ ZA' of high-energy electrons
scattering in the active beam dump target. Another A’
production mechanism considered in this work allowing a
large increase in the sensitivity, in particular, for the high-
mass region, my 2 m,, is through the resonant annihilation
of secondary positrons from the em shower developed in
the target with its atomic electrons, ete™ — A’ = yy
[57,58]. The advantage of the NA64 approach compared
to a classical beam dump experiment [21,22,40,43,59,60] is
that its sensitivity is proportional to €?, while in the latter
case, it is proportional to e*ay, [55].

The NA64 detector upgraded for a more sensitive LDM
search in 2021-2022 runs is schematically shown in Fig. 1.
It employs the optimized H4 100 GeV electron beam at the
CERN SPS, which has a maximal intensity ~107 electrons
per SPS spill of 4.8 s [61]. The beam is defined by the
scintillator (Sc) counters S;_; and a veto counter V. A
magnetic spectrometer is used to reconstruct the momen-
tum of the incoming e¢~’s with the precision 6p/p ~ 1%
[62]. The spectrometer consists of two consecutive dipole
magnets MBPL, , with the total magnetic field of ~7 T - m
and a low-material-budget tracker composed of a set of
two upstream Micromegas (MM, ;) and two straw-tube
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chambers (ST, ;) and two downstream MM; 4, ST; 4, and
gas electron multiplier (GEM, ,) stations. The synchrotron
radiation (SR) emitted in the MBPL magnetic field and
detected with an SR detector (SRD) was used for electron
identification. The SRD is an array of a PbSc sandwich
calorimeter of a fine segmentation [55,63]. With this
technique the initial admixture of the hadron contamina-
tion in the beam z/e~ < 1072 was further suppressed to
=2 x 107 [64]. Downstream the setup was equipped with
an active dump target, an em calorimeter (ECAL), for
measurement of the recoil electron energy Egcap, and the
transverse and longitudinal shape of the corresponding em
shower. The ECAL was a matrix of 5 x 6 Shashlik-type
modules assembled from Pb and Sc plates of ~40 radiation
lengths (X,), with the first 4X, serving as a preshower
detector. Finally, the ECAL is followed by a high-efficiency
veto counter VETO, and a massive, hermetic hadronic
calorimeter (HCAL) of three modules HCAL,_;, ~30
nuclear interaction lengths in total to veto muons or
hadronic secondaries produced in the e~ nuclei interactions
in the target. A zero-degree HCAL, is used to reject beam
electrons accompanied by neural secondaries.

Our data were collected during two periods with the
trigger requiring the ECAL energy Egcar, < 90 GeV. The
first period of 2016-2018 runs (hereafter called, respec-
tively, runs I-IIT) had 2.83 x 10'! electrons on target (EOT)
[47,48]. The second, the 2021 (run IV) [65] and 2022
(run V) runs, had 6.54 x 10! EOT collected with the beam
intensity in the range ~(5-7) x 10° e~ per spill. Data with
a total of 9.37 x 10! EOT from these five runs were
processed with selection criteria and combined as
described below.

A GEANT4 [66,67] based Monte Carlo (MC) simulation
package DMG4 [68] is used to study the performance of the
detector, selection of cuts, signal acceptance, and back-
ground level. To maximize the signal acceptance and to
minimize background, the following selection criteria were
used: (i) The incoming track should have the momentum
100 £ 10 GeV. (ii) The deflected track angle should be
within 3 mrad to reject events from the upstream e~
interactions. (iii) The detected SR energy should be within
the range ~1-100 MeV emitted by e~s and in time with the
trigger. (iv) The longitudinal and lateral shape of the ECAL
cluster should be consistent with the one expected for the
signal event [69]. (v) There should be no multiple hits in the
ST; 4 chambers and no activity in VETO. This was an
effective cut against the electroproduction of charged
secondaries in the upstream beam material. The measured
distribution of ~9.6 x 10° events in the (Egcar:EncaL)
plane that passed these criteria from combined runs IV
and V is shown in Fig. 2. An event was considered as a
candidate for the signal if it had the missing energy
E s = 50 GeV, here E, ;i = E — Egcar, — Encar, and E
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FIG. 2. The measured distribution of events in the
(Egcar;Eucar) plane after applying all selection criteria. The
shaded area is the signal box, with the size along the Eycay axis
increased for illustration purposes. The side bands A and C are the
ones used for the background estimate inside the signal region.

is the energy of the incoming track. The optimal boundary of
the signal box (Egcar < Effar; EncaL < Ejipay) for the
ECAL, E.,, =47-50 GeV, was defined based on the
energy spectrum calculations for A’s emitted by e* from the
e-m shower generated by the primary e”s in the target
[69,70] and the expected background level for each par-
ticular run, as described below. The optimal cut Efb.,; =
1 GeV for all runs was determined by the HCAL noise.
Events originated from the rare QED dimuon production in
the target were used as a reference reaction allowing us to
verify the MC simulation, and cross-check systematic
uncertainties and background estimate [47,48]. The A’
acceptance was evaluated from simulations and e~ data
sample taking into account the selection efficiency for the
longitudinal and transverse em shower shape in the target
arising from signal events [69]. The energy corrections were
obtained from ECAL spectra of recoil e~ from dimuon
events. The A’ production cross section for the bremsstrah-
lung reaction were calculated in Ref. [70] with uncertainty
~10% [47,48], while for the resonant process was obtained
as described in Ref. [58].

Several processes shown in Table I contribute to back-
ground: (i) Dimuon losses due to their inefficient detection
or decays in the target. It was estimated from the measure-
ments of the single muon efficiency. (ii) Decays of mis-
tagged u, #, K. It was evaluated from the simulations and
measurements of the beam composition [64]. (iii) Escaping
neutrals from the electroproduction in the beam line due to
insufficient HCAL coverage. Compared to the first period of
data taking, this background was significantly reduced by
increasing the HCAL acceptance by moving it ~3 m
upstream, and by decreasing the amount of dead material
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TABLE I. Expected background for 2021-2022 runs.

Background source Background, n,,

(i) dimuon losses or decays in the target 0.04 £ 0.01
(ii) 4, n, K — e + .... decays in the beam line 0.3 £0.05
(iii) lost y, n, K° from upstream interactions 0.16 =0.12
(iv) Punchthrough leading n, K9 < 0.01
Total 7, (conservatively) 0.51+0.13

in the beam line. (iv) Punchthrough of leading neutral
hadrons (n, KY) from the e~ interactions in the target. It
was evaluated from the direct measurements of punch-
through events [71]. Background from the region A in Fig. 2
was found to be negligible. After applying the selection cuts,
we expected mostly background events of type (iii) to
remain in the data. Their number was evaluated from the
data itself by the extrapolation of events from the sideband C
(EgcaL > Effar s EncaL < 1 GeV) into the signal region
and assessing the systematic errors by varying the fit
functions. The shape of the extrapolation functions defined
by events of type (iii), with a small admixture of those falling
from B to C due to the HCAL energy resolution, was taken
from the analysis of the data and cross-checked with
simulations. Finally, the estimated background inside the
signal region was 0.51 £0.13 events. Compared to the
2016-2018 runs [48], background was further rejected
by a factor ~6. After determining all the selection
criteria and background levels, no event is found in the
signal region.

To obtain upper limits on the mixing strength, runs [-V
were analyzed simultaneously using the technique of
multibin limit setting based on the ROOSTATS package
[72]. First, the background levels, efficiencies, their cor-
rections and uncertainties were used to optimize the ECAL
energy cut for the signal box, by comparing sensitivities,
defined as an average expected bound calculated using the
profile likelihood ratio method for each run. For the data
samples from the 20162021 runs we used the previously
optimized value of the ECAL energy cut of 50 GeV
[47,48,65]. For the 2022 run, the optimal cut was selected
in the range 47-50 GeV, slightly depending on the run
conditions and detector performance during the data taking.
The VETO (0.94) and HCAL (0.95) efficiencies were
defined as a fraction of events below the zero-energy
thresholds, with the loss mostly due to pileup in high-
intensity runs. The overall signal reconstruction efficiency
was in the range 0.4-0.5.

The combined 90% confidence level (C.L.) upper limits
for mixing strength ¢ is obtained by applying the modi-
fied frequentist approach for confidence levels, considering
the profile likelihood ratio as a test statistic in the
asymptotic approximation [73-75]. The number of events
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FIG. 3. The NA64 90% C.L. exclusion region in the (m,, €)

plane. Constraints from the E787 and E949 [41,42], BABAR [49],
and NA62 [50] experiments, from the consideration of the
anomalous magnetic moment of electron «, [76—79], as well as
the favored area explaining the a, anomaly with the A’ contribu-
tion [10] are also shown. For more limits from indirect searches
and planned measurements see, e.g., Refs. [28-30,51,52].

in the signal box is the sum of expected events from all five
runs:

5 5
Ny =D Niy =D nhoncyy(e.ma AE.). (3)
i=1 i=1

where nf; and €/, are is the number of EOT and the signal
efficiency in run i, respectively, and n’, (e, my, AE,) is the
number of signal events per EOT produced in the energy
interval AE,. Signal events for each ith entry in Eq. (3) are
simulated and reconstructed with the same selection criteria
and efficiency corrections as for the data sample from run i.
The combined 90% C.L. exclusion limits on € as a function
of the A’ mass, calculated by taking into account the
estimated backgrounds and systematic errors ~15% for the
eg,—dominated by the ~10% uncertainty in the A’ yield
[47]—can be seen in Fig. 3.

Using obtained limits, Eqgs. (1) and (2), one can get
constraints on the LDM models, which are shown in the
(y;m,) and (ap;m,) planes in Fig. 4 for m, <1 GeV. The
favored y parameter curves for scalar, pseudo-Dirac (with a
small splitting) and Majorana scenario of LDM calculated
from the observed relic DM density [38] are also shown.
One can see that our results are already starting to probe the
(v; m,) parameter space predicted for the benchmark values
ap = 0.1 and my = 3m, [29,30] providing the best limits
in comparison with bounds from other experiments, while
leaving ap = 0.5 still compatible with the constraints from
consideration of the running ap [70,80]. The limits on ap
for the pseudo-Dirac (Majorana) case shown in Fig. 4
were calculated by using f =0.25 (f =3) in Eq. (2),
see Ref. [48].
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The top row shows the NA64 limits in the (y;m,) plane obtained for a, = 0.1 (left panel) and a, = 0.5 (right panel) assuming

my = 3m,, from the full 2016-2022 dataset. The bottom row shows the NA64 constraints in the (ap;m,) plane on the pseudo-Dirac
(left panel) and Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [22-24,28,29] from the
results of the LSND [21,43], E137 [44], MiniBooNE [46], BABAR [49], COHERENT [81], and direct detection [82] experiments. The
favored parameters to account for the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown

as the lowest solid line in top plots; see, e.g., [38].

In summary, using the pioneering approach with the
combined statistics of the 2016-2022 runs, NA64 has
started probing the well-motivated region of the LDM
parameter space. The world-leading bounds on €, y, ap in
the mass range 0.001 < my < 0.35 GeV are placed [10],
allowing to exclude scalar and Majorana dark matter with
the y — A’ coupling ap < 0.1 for masses 0.001 <m, <
0.1 GeV and 3m, < my,.
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