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Probing light dark matter with positron beams at NA64
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We present the results of a missing-energy search for light dark matter which has a new interaction
with ordinary matter transmitted by a vector boson, called dark photon A’. For the first time, this
search is performed with a positron beam by using the significantly enhanced production of A’ in the
resonant annihilation of positrons with atomic electrons of the target nuclei, followed by the invisible
decay of A’ into dark matter. No events were found in the signal region with (10.1 £0.1) x 10°
positrons on target with 100 GeV energy. This allowed us to set new exclusion limits that, relative to
the collected statistics, prove the power of this experimental technique. This measurement is a crucial
first step toward a future exploration program with positron beams, whose estimated sensitivity is
here presented.
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Numerous cosmological and astrophysical observations
unequivocally indicate that 85% of the matter of our
Universe is made by a new form of matter, called “dark
matter” (DM), gravitationally interacting with the ordinary
matter described by the Standard Model (SM), but not
directly emitting or absorbing light [1-3]. At present, the
particle content of DM is unknown. Among the different
theories that have been postulated to explain the DM
microscopic properties, the light dark matter (LDM)
hypothesis assumes that DM is made by sub-GeV particles,
interacting with the SM through a new force. LDM
particles (here denoted as y) can be the lightest stable
states of a new “dark sector,” with its own particles and
fields [4—6]. A representative LDM model involves the
existence of a new U(l), hidden symmetry in nature,
associated to a massive gauge boson, also called the “dark
photon” (A"). The dark photon can kinetically mix with the
ordinary photon, thus acting as a “portal mediator” between
the dark sector and the SM [7,8]. In this framework, the
new Lagrangian term extending the SM, omitting the LDM
mass term, reads

LD —%F;H,F’”” +%m§,A’ﬂA’” - %FWF’”” —gpAJy (1)
where m is the dark photon mass, F,, = d,A, — d,A), is
the dark photon field strength tensor, F,, is the SM
electromagnetic field strength, gp = +\/4rmap is the dark
gauge coupling, J%, is the LDM current under U(1), and &
parametrizes the mixing strength. While it is reasonable to
assume that at tree level g ~ 1, the range ~1074-1072
(~107°-1073) is predicted for &, if the kinetic mixing is
generated at the one (two)-loop level [9-11]. Cosmological
arguments connected to the DM thermal origin in the early
Universe provide a relation between the measured DM relic
density and the model parameters. Specifically, by intro-
ducing the dimensionless parameter y = aDez(;%)“, with
m, being the LDM mass, the following relation can be
derived [12]:

m 2
e fe2x 1074 (2 ) 2
Yrelic f X (1 MeV ( )

where f ~ 1 is a dimensionless quantity that depends on
model specific details such as the LDM quantum numbers
and the my /m, ratio. For a given value of m,, it follows
from Eq. (2) that there is a target value of y that experi-
ments should probe, resulting in a clear, predictive target to
confirm or rule out the LDM theory [13].

Among the experimental techniques adopted to search
for vector-mediated LDM at accelerators, the missing-
energy strategy has proven particularly effective in the
invisible decay scenario (my > 2m,) [13-18]. In this
approach, the A’ production signature consists in a large
missing energy, i.e. the difference between the nominal

beam energy and the one deposited in the detector,
evaluated event by event [19]. For an electron/positron
beam setup, two reactions are relevant: the radiative and the
resonant A’ production [20,21]. The A’ radiative production
by a high-energy e* /e~ on a heavy nucleus, e*Z — e*ZA/,
scales as ajye?/m3,, and it is further suppressed at large
dark photon mass due to the loss of nuclear coherence and
the reduction of the Weizicker-Williams effective photon
flux [22]. For a narrow A’ (ap < 0.1), the peak cross section
ol for the annihilation of the incoming e™ with an atomic
e”, ete” = A, reads

P l4ﬂaEM€2

GI'CS -

; (3)

T mey

where I is the total A’ width. As a result, the total A’
yield, obtained by integrating the cross section over the
positrons track-length distribution T(E.) [23], scales as
Ng~TolT(Eg) x T(Eg)/my, where Ep=m3,/(2m,)
is the resonant energy. In a recent work, we showed
how this mechanism leads to a sensitivity improvement
for an electron-beam missing-energy measurement, thanks
to the secondary positrons of the electromagnetic shower
developing in the active target [24]; this effect is maximum
for E close to the missing-energy threshold, and decreases
for Ex — E, due to the T(E,) suppression, where Ej is
the beam energy. In a positron-beam missing-energy mea-
surement, instead, thanks to the 7(E,) enhancement for
E, — E, associated to the primary positron, no signal
suppression is present, and thus a large sensitivity to € is
obtained within the A’ mass range rigidly delimited by the
experimental threshold on the missing energy and the
energy of the beam [20].

NAG64 Fig. 1 is a missing energy experiment exploiting
the 100 GeV electron beam from the H4 beamline [24,25].
The H4 beam is produced by the interaction of the primary
400 GeV SPS proton beam with a thick Be target; emerging
forward-going photons are pair-converted on a thin lead
foil, with a downstream dipole magnet selecting the
charge and the momentum of the particles further trans-
ported downstream. The beamline can be also operated
in “positron mode” by appropriately setting the magnets.
At 100 GeV/c, the hadronic contamination in positron
(electron) mode is ~4% (~0.3%) [26]. Incoming particles
are tagged by a set of three plastic scintillator counters (Sc)
and a veto counter. Their momentum is measured by a
magnetic spectrometer, composed of a set of tracking
detectors (GEMs, MicroMegas, and Straw tubes) installed
upstream and downstream two dipole magnets with total
magnetic strength [ Bdl~7T - m [27]. The momentum
resolution 6p/ p is ~1%. Particle identification is achieved
by measuring the synchrotron radiation (SR) emitted by
electrons deflected by the magnetic field through a com-
pact Pb/Sc calorimeter (SRD) [28]. The NA64 active
target is a 40X, Pb/Sc inhomogeneous calorimeter (ECAL),
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assembled as a 5 x 6 matrix of 3.82 x 3.82 cm? cells with
independent PMT readout, segmented into a 4X, preshower
section (ECALO) and a main section (ECALT1). Downstream
the ECAL, a hermetic Fe/Sc hadron calorimeter (HCAL),
made by three modules with total length ~304,, is installed,
to detect secondary hadrons and muons produced in the
ECAL and upstream detector elements. A high-efficiency
plastic scintillator counter (VETO) is installed between the
ECAL and the HCAL to further suppress backgrounds. NA64
already collected a total statistics of ~10!? electrons on target
during the 2016-2022 period, setting stringent limits for
the LDM model [29].

In this work, we present the results of the first dedicated
positron-beam missing-energy measurement for the search
of LDM. This effort paves the way for a future experimental
program with positrons, whose sensitivity projection is
complementary to that of the main NA64 ¢~ -beam program
in the my ~ 100-300 MeV region. The analysis is based
on a total statistics of about N, or = (10.1 £0.1) x 10°
100 GeV positrons on target (e™OT). A blind-analysis
approach was adopted; all selection cuts were optimized
by maximizing the signal efficiency for the resonant A’
production. The final cuts configuration required the
presence of a well-identified impinging track with momen-
tum in the range [97 GeV, 103 GeV], in time with a total
energy deposition in each SRD cell of at least 2.5 MeV.
The VETO energy was required to be less than 17 MeV for
each panel. A 500 MeV threshold on the ECALO energy
deposition was applied, and the shape of the electromag-
netic shower in the ECAL was required to be compatible
with that expected for the A’ signal [30]. Finally, the
Egcar <50 GeV, Eycar, < 1 GeV signal region condi-
tions were applied.

The LDM yield in the signal window was estimated
through a full Geant4-based simulation of the NA64 setup,
using the DMG4 package [31]. The signal efficiency was
evaluated using data, by applying the analysis cuts on
tracking, SRD, VETO, and HCAL to measured 100 GeV
et events. The ECAL shower-shape cut was optimized
to obtain a 95% efficiency on measured events where a
high-energy u*p~ pair is produced in the ECAL mainly
from one of the two following production channels: (1)
the radiative production, i.e. a Bremsstrahlung photon
converting in the EM field of a nucleus, yN — u™u™N;
(2) the atomic annihilation production, ete™ — utu~.
These “dimuon” events, given the MIP nature of high-
energy muons, feature a signal-like topology from the point
of view of the energy deposition in the different cells of the
ECAL. An additional correction factor, obtained from
Monte Carlo simulations, was introduced for each m,
value to account for residual kinematic differences between
signal events and dimuon events. Dimuon events were also
used to assess the overall data normalization: the ratio of
the observed dimuon absolute yield to the Monte-Carlo-
predicted one was F,, = (0.84 4 0.04). In the analysis, we

TABLE L
10° e+ OT.

Expected backgrounds for N,+o; = (10.1 £ 0.1) x

Background source Background, n,,

(0.06 +0.03)
(0.011 £ 0.007)

(i) #, K decays
(ii) e hadronic interactions
in the beam line

(iii) dimuons <0.017

(iv) u decays (124£0.2) x 1073
(v) e* hadronic interactions in the target <1073

(vi) hadrons interactions in the target <1073
Total n, (conservatively) (0.09 £ 0.03)

added this as an additional global efficiency factor for the
A’ signal. Overall, the average signal efficiency was
&~ (55 £ 1)%, with a ~20% dependency on my, due to
the shower-shape cut. The £ uncertainty was evaluated by
varying the cuts used to identify the impinging e* and
assessing the variation of the obtained efficiency.
Background events can originate from different sources,
summarized in Table I. The dominant contribution is from
the K* — eT2%, decay of a kaon contaminant upstream
with respect to the ECAL, if the neutrino energy is larger
than 50 GeV and the e*yy particles produce a single low-
energy EM shower in the calorimeter. The K™ can be
misidentified by the SRD cut if a 0 ray is emitted from the
K™ through the interaction with upstream beamline mate-
rials and then impinges on the SRD detector, or if the K is
superimposed in time with a low-energy et from the beam
tail, that emits enough SR and is then deflected away by the
magnets. A lesser contribution comes from the branching-
ratio suppressed 7™ — eTv, decay. These backgrounds,
evaluated from data, are potentially critical for a positron
measurement at the H4 line, since the hadronic contami-
nation is significantly larger when compared to the electron
beam case [26]. The second most intense background
channel is the upstream hadrons production by the e™
interaction with beamline materials [19], when the low-
energy positron is measured by the ECAL, and one or more
high-energy neutral hadrons escape detection. We esti-
mated this contribution from a larger dataset collected by
NA64 in 2022 using a 100 GeV electron beam, with the
same detector configuration and reversed beamline optics,
following the method described in Ref. [30]. The remaining
subdominant background sources include: (3) the loss of
dimuon events, evaluated mainly from data by accounting
for the VETO inefficiency (=~1.4%) and for the probability
of the di-muons deposited HCAL energy to fall below
1 GeV (=5 x 107%); (4) the in-flight decay of a muon
contaminant, evaluated from Monte Carlo simulations; and
(5-6) the probability for a positron or a hadron contaminant
to undergo a hard interaction in the ECAL, depositing
therein less than 50 GeV and producing final-state par-
ticles all undetected by the VETO and the HCAL.
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Schematic illustration of the NA64 setup to search for invisible decays of the A’s resonantly produced by the annihilation of the

100 GeV impinging e* with the atomic electrons of the active ECAL target.

Summing up all these contributions, a total background
yield of B = (0.09 & 0.03) events is expected.

The ECAL vs HCAL energy distribution for the events
satisfying all analysis cuts is reported in Fig. 2. The
diagonal band corresponds to events from the reaction
etN — eTX in the ECAL, with final state hadrons inter-
acting with the HCAL. After unblinding, no events have
been observed in the signal region. Based on this result, we
derived the upper limit on the A’ coupling ¢ as a function of
my. We adopted a frequentist approach, considering the
90% confidence level of a one-sided profile-likelihood test
statistics [32].

The systematic uncertainties were accounted for the
statistical procedure by introducing, for each contribution,
an additional log-normal PDF term in the likelihood,
taking the measured value as the observed one, and hand-
ling the expected value as a nuisance parameter [32].
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FIG. 2. The unblinded ECAL vs HCAL energy distribution for
events satisfying all analysis cuts. The unblinded signal region is
also reported—for better visualization, it has been expanded by a
factor x3 along the vertical axis.

The uncertainty on the number of expected background
events (30%) and that on the signal yield from the number
of ¢etOT (0.1%), from the tracking, SRD, VETO, and
HCAL cuts (~1%), and from the overall normalization as
obtained from the dimuons analysis (4.8%) are the same for
all my values. In contrast, the systematic uncertainty arising
from the ECAL energy calibration, and thus affecting the
preshower and missing energy thresholds, result in a /-
dependent effect. For the missing-energy threshold, we
estimated 6;/E ~ 1.5% by measuring the position of the
full-energy peak in the calorimeter across the different runs.
For the preshower threshold, instead, we evaluated 6/ E ~
1.0% from the analysis of dimuon events. To evaluate the
impact of 6/ E on S, first we computed the signal yield for
the nominal threshold values. Then, we randomly sampled
these multiple times from two Gaussian distributions with
# =50 GeV and 6 = 0.75 GeV and ¢ = 0.5 GeV, respec-
tively, computing S, for each configuration and then taking
the RMS of all results as the systematic uncertainty. The
largest systematic uncertainty, ~25%, is observed for the
dark photon resonant production at m, ~ 225 MeV, since in
this case the resonant energy is close to the missing energy
threshold.

The obtained upper limit on ¢ as a function of my, is
shown in Fig. 3 for fermionic LDM, with ap = 0.1 and
my = 3m,. The same results are reported in Fig. 4 as a
function of y. The black lines correspond to the afore-
mentioned “targets” predicted by cosmology, in the hypoth-
esis of a thermal LDM origin. To assess the variation of our
result as a function of the LDM model parameters, we
repeated the upper limit calculation considering also a
scalar LDM model and the two ap values, 0.1 and 0.5.
Thanks to the yield enhancement induced by the ete”
resonant annihilation, extended in a larger m, interval if
compared to the electron-beam measurement, the obtained
limits are comparable to those from the latter, even exceed-
ing them in a narrow region around m,, ~ 100 MeV, despite
the accumulated statistics being two orders of magnitude
lower. This result demonstrates for the first time the
feasibility and potential of the new experimental technique.
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1072
1073 E
w
1074F e~ beam E
my/m, =3
1075F ap =01 4
1073 1072 1071 1 10
my, GeV
FIG. 3. The new exclusion limits from the positron-beam,

missing energy measurement presented in this work in the e
vs my space, considering fermionic LDM for ap = 0.1. The
most stringent LDM exclusion limits from BABAR [33] and
NAG64 [29] are also shown, as well as the favored area from the
muon g — 2 anomaly [34,35] (red lines). The green dashed lines
reports the sensitivity for a future positron-beam effort at lower
energy, as described in the text. For a full review on other
exclusion limits and planned measurements see Refs. [13-18].

In this light, we estimated the sensitivity for a future
measurement program at two different beam energies, 60
and 40 GeV, to scan the A’ mass range ~100-300 MeV.
For both measurements, a statistics of 10" ¢TOT was
considered, assuming a missing energy threshold corre-
sponding to half of the beam energy and a 50% signal

1077 T

NA64-e*

COHERENT Csl_
S Fermion, e~ beam E

Scalar, e~ beam

Fermion, e™ beam
Scalar, et beam

my =3m,
ap =0.1

1073 1072 107! 1
m,,GeV

efficiency, in analogy with the strategy adopted for the
100 GeV data analysis. As shown in Fig. 4, this program
will allow to probe the LDM parameter space down to the
pseudo-Dirac relic target for the aforementioned mass
range. Considering the nominal NA64 beam intensity,
such result could be obtained in few weeks, compared to
the multiyear effort required for a 100 GeV e~ beam
measurement. In addition, the lower statistics requested in
the et case prevents the occurrence of rare background
events [30], allowing to operate the experiment in the
optimal zero-background condition. For this reason, limits
were evaluated considering no expected background
events. This is also corroborated by the fact that the main
background source for such measurements comes from the
hadronic contaminant fraction in the beam, whose intensity
wanes at decreasing beam energy [26].

In conclusion, we performed the first positron-beam
missing-energy measurement searching for LDM. The
resulting limits touch our latest electron-beam results,
corresponding to ~2 orders of magnitude larger electron
statistics [26]. This proves the outstanding potential of
NAG64 to probe dark sectors using the unique H4 positron
beam at the CERN SPS, and motivates a multienergy
measurement program to fully exploit the peculiarities of
the resonant A’ production to “scan” the LDM parameter
space. In a broader view, our proof-of-principle experiment
paves the road to future thick-target LDM searches with
positrons at different beam energies and facilities [37,38].

We gratefully acknowledge the support of the CERN
management and staff, and the technical staffs of the
participating institutions for their vital contributions.
This result is part of a project that has received funding
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FIG. 4. The new NA64 positron-beam exclusion limit in the (mx, y) plane, for ap = 0.1 (left) and a;, = 0.5 (right). The other curves
and shaded areas report already-existing limits in the same parameter space from NA64 in electron-beam mode [29], COHERENT [36],
and BABAR [33]. The black lines show the favored parameter combinations for the observed DM relic density for different model
variations [12]. In each panel, the green dashed line shows the sensitivity for a future positron-beam effort at lower energy.
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