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decaying into e*e~ pairs
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The improved results on a direct search for a new X(16.7 MeV) boson that could explain the anomalous
excess of e*e™ pairs observed in the decays of the excited ®Be* nuclei (“Berillium or X17 anomaly”) are
reported. Interestingly, new recent results in the nuclear transitions of another nucleus, “He, seems to
support this anomaly spurring the need for an independent measurement. If the X boson exists, it could be
produced in the bremsstrahlung reaction e~Z — e~ZX by a high energy beam of electrons incident on the
active target in the NA64 experiment at the CERN Super Proton Synchrotron and observed through its
subsequent decay into et e™ pairs. No evidence for such decays was found from the combined analysis of
the data samples with total statistics corresponding to 8.4 x 10'? electrons on target collected in 2017 and
2018. This allows one to set new limits on the X — e~ coupling in the range 1.2 x 107 < ¢, < 6.8 x 1074,
excluding part of the parameter space favored by the X17 anomaly, and setting new bounds on the mixing
strength of photons with dark photons (A’) with a mass <24 MeV. For the 2018 run, the setup was
optimized to probe the region of parameter space characterized by a large coupling e. This allowed a
significant improvement in sensitivity despite a relatively modest increase in statistics.
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FIG. 1.
of the 150 GeV electrons incident on the active WCAL target.

can be tested in laboratory experiments. A possibility is that
this new force is carried by a vector boson A’, called dark
photon. Stringent limits on the € and mass m, of such dark
photons, excluding the parameter space region favored by
the g, —2 anomaly have already been placed by beam
dump [5-19], fixed target [20-22], collider [23-25], and
rare particle decay searches [26-37].

A great boost to search for new light bosons weakly
coupled to Standard Model particles was triggered by the
recent observation of a ~7¢ excess of events in the angular
distribution of e*e™ pairs produced in the nuclear tran-
sitions of the excited ®Be* to its ground state via internal
eTe™ pair creation [38,39]. The latest results of the
ATOMKI group report a similar excess at approximately
the same invariant mass in the nuclear transitions of another
nucleus, “He [40]. It was put forward [41,42] that this
anomaly can be interpreted as the emission of a proto-
phobic gauge boson X with a mass of 16.7 MeV decaying
into eTe~ pairs. To be consistent with the existing con-
straints, the X boson should have a nonuniversal coupling
to quarks and a coupling strength with electrons in the
range of 2 x 107 < e, < 1.4 x 1073 which translates to a
lifetime of the order of 107" <7, <1072 s.

Such a new boson could also resolve the tension between
measured and predicted values of the muon anomalous
magnetic moment, the so-called (g, —2) anomaly. The
phenomenological aspects of such a light vector bosons
weakly coupled to quarks and leptons were extensively
studied (see, e.g., Refs. [43-56]); quite a few experimental
searches were performed (see, e.g., Refs. [1,57]). Among
those, the NA64 Collaboration has reported results which
excluded a possible coupling strength of the X boson
between 1.3 x 107* <e, <4.2 x 107* [58].

The NA64 experiment in the “visible mode” configura-
tion, i.e., configured for the search for A’ decaying visibly,
into et e™ pairs, is described in [58,59] (Fig. 1). The core of
the experiment consists of the two electromagnetic (EM)
calorimeters: the compact target-tungsten-calorimeter
(WCAL) assembled from the tungsten and plastic scintil-
lator plates with wavelength shifting fiber readout and
electromagnetic calorimeter (ECAL), a matrix of 6 x 6

ECAL HCAL1-4

The setup (2018 run) to search for A’(X) — ete™ decays of the bremsstrahlung A’(X) produced in the reaction eZ — eZA'(X)

shashlik-type lead-plastic scintillator sandwich modules
[60]. The method of the search for A’ — eTe™ (or
X — ete™) decays is detailed in Refs. [61-64]. Here we
review it briefly. The A’(X) is produced via scattering of
high-energy electrons off nuclei of an active target-dump
(WCAL in Fig. 1). Its production is followed by the decay
into et e pairs,:

e +Z-e +Z+A(X), A(X)—>ete . (1)
The active target serves as a dump to absorb the EM
showers from the secondary particles emitted by the
primary electrons before the A’(X) production, with an
energy E, that carry the fraction s of the primary electron
energy, s = E/E, and the shower from the recoil electron
of the reaction (1). The latter carries a fraction f of the
production electron energy. The total energy that is
absorbed in the WCAL is Ewcar = Eo(s + f(1 —5)).
As shown in Refs. [63,64], the value of f is peaked at
zero for the most interesting masses of A’(X).

The A’(X) can be detected if it passes through the rest of
the dump and the veto counter without interactions and
decays in flight into an e™e™ pair in the decay volume. The
fraction Egcar = Eo(1 — 5)(1 — f) of the primary electron
energy is deposited in the second downstream calorimeter
ECAL, as shown in Fig. 1. In the most interesting region of
the parameter space, the probability to decay after the dump
significantly drops for low energy A’(X) because of the
short lifetime and small gamma factor; therefore, for the
detectable signal events, Ewcay 1S significantly smaller
than E(, which means that for them s < 1. For example, at
€ = 0.0006, in 67% of the detectable signal events the
deposited energy Ewcar, i1s smaller than 50 GeV (average
EWCAL is 38 GCV)

The occurrence of A’(X) produced in the e~Z inter-
actions and A’ — e"e~ decays would appear as an excess
of events with two EM-like showers in the setup: one
shower in the WCAL and another one in the ECAL, with
the total energy E. = Ewcar + Ercar, compatible with
the beam energy (E;), above those expected from the
background sources.
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In order to increase the sensitivity to short-lived X
bosons (e 0.5x 10™*) as compared to the previous
results several optimization steps were done in the 2018
setup (Fig. 1). Without such optimization the maximal
reachable e would increase only logarithmically with the
number of collected electrons on target (EOT). The
following changes were done: (i) The beam energy was
increased to 150 GeV to boost the X boson outside the
WCAL so that its decay in e e~ pairs can be detected; (ii) a
thinner veto counter W, was installed immediately after the
last tungsten plate inside the WCAL box to minimize the
possibility for the X boson to decay before it; (iii) additional
track detectors were placed between WCAL and ECAL,;
(iv) a vacuum pipe was installed immediately after the
WCAL; (v) the distance between the WCAL and ECAL
was increased; and (vi) one of the hadronic calorimeters
(HCAL4) was moved on axis to act as a veto for neutral
particles created upstream the magnetic spectrometer.
Modifications (iii)—(v) would allow the track and vertex
reconstruction of the eTe™ pairs in case of signal obser-
vation. Modifications (iv) and (v) also serve to suppress
background. As an example of the effect of these mod-
ifications, mainly (i) and (ii), the raw signal yield prediction
for € = 0.0006 increases from 0.25 to 1.5 per 10'° EOT.

For the modified setup used in 2018, we have to stress
the following. The purpose of the target-dump WCAL
design is not to absorb the full energy E, of the shower
generated by the primary electrons, but the energy Ewcar,
in signal events which, as discussed above, is typically
significantly smaller.

In the 2018 run, 3 x 10'° electrons on target were
collected, thus including the 2017 results a total of
8.4 x 10'0 events. The trigger requires in-time energy
deposition in §;—S3, no energy deposition in V, and
Ewcar, S 0.7 X Epeam- The latter requirement was not
applied in the runs used for calibration.

A GEANT4 [65,66]-based package was developed to
perform the detailed full simulation of the experiment in
order to choose the selection criteria, the calculation of the
signal efficiencies, and the estimation of the background. It
contains a subpackage for the simulation of various types of
dark matter particles based on exact tree-level calculation of
the cross sections [64].

As in the previous analyses [60,67], in order to check
efficiencies and the reliability of the MC simulations, we
selected a clean sample of ~10° utu~ events with
Ewcar < 0.6 X Epe,, from the QED muon pair production
in the dump (dimuons). This rare process is dominated by
the reaction e~Z — e~ Zy;y — uu~ of a photon conver-
sion into muon pair on a nucleus of the dump. We
performed a number of comparisons between these events
and the corresponding MC simulated sample and applied
the estimated efficiency corrections to the MC events.

The candidate events are selected with the following
criteria: (i) the energy deposition in the veto counter (W, in

2018) is <0.7 MIP (most probable energy deposition of a
minimum ionizing particle). The cut was adjusted for the
different runs to take into account the variations in the
energy resolution, the electronic noise, and the pileup
effects in the counter; (ii) the signal in the decay counter
S, is larger than 1.5 MIPs; (iii) the sum of the energies
deposited in the WCAL 4 ECAL should be compatible
with the beam energy, and at least 25 GeV should be
deposited in the ECAL; (iv) the shower in the WCAL
should start to develop within the first few X,, which is
ensured by the WCAL preshower energy lower cut of
0.5 GeV; (v) the cell with maximal energy deposition in the
ECAL should be the one on the beam axis after deflection
in the dipole magnets; (vi) the longitudinal and lateral
shapes of the shower in the ECAL are consistent with a
single EM shower. The longitudinal shape is defined by
requiring an energy deposition of at least 3 GeV in the
ECAL pre-shower. The lateral shape of the shower was
compared to the shape measured in the calibration beam
using the 2 method. This does not decrease the efficiency
for signal events because the distance between ¢~ and e* in
the ECAL is significantly smaller than the ECAL cell size.
(vii) Finally, the rejection of events with hadrons in the final
state is based on the energy deposition in the VETO counter
(less than 0.9 M1P) and the hadron calorimeter HCAL (less
than 1 GeV for each module).

The counter W, is very important for this analysis. It is
made using the same technology as for the tiles of the
WCAL and installed inside the WCAL box to be as close as
possible to the A’(X) production point. The MC simulation
was carefully tuned to reproduce the data. This required to
take into account the following effects:

(1) Fluctuations of the number of photoelectrons from

the photocathode.

(i1) Pulse reconstruction threshold curve for the counter
below 0.8 MIP.

(iii) Cross talk between the WCAL and W2 signals. This
includes contributions from the light cross talk and
the electronic cross talk between the two channels.
The average cross talk value was assumed to be
proportional to the energy deposition in the WCAL.

(iv) Readout electronic noise and pileup effects affecting
the W, pulse shape.

In Fig. 2, the comparison of the MC simulation with
the data for selected muons in the hadron beam and for the
electron beam is shown. There is some disagreement for the
electron calibration beam and for dimuons events.
However, the agreement for dimuons becomes better for
smaller energy deposition in the WCAL, i.e., for the
conditions corresponding to signal events. The uncertainty
in the definition of the W, threshold, conservatively taken
as £30%, results in a systematic error in the signal
efficiency estimated to be at the 10% level.

The energy deposition in W, expected for the detectable
signal events (i.e., when the A’(X) decays after the last
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FIG. 2. The comparison of various distributions in the W, counter with MC predictions. Left upper plot: for muons selected in the
hadron calibration beam. Right upper plot: for dimuon events with the standard cut Ewcap, < 0.6 X Ep..n- Right lower plot: for dimuon
events with the cut Eywcap < 0.33 X Epeam. Left lower plot: for the electron calibration beam. The data and MC simulations are shown as

points with error bars (blue) and histogram (red), respectively.

tungsten plate) is shown in Fig. 3. It is significantly smaller
than for the electrons from the primary beam (Fig. 2, lower
left plot). It is also smaller for the bigger value of € since the
short-lived A’(X) should have higher energy for the same
probability to decay after the WCAL tungsten plates, which
means smaller Eywcap, (shorter shower).

The main background in this search comes from the
K9 — 7%2° events from K° mainly produced by hadrons
misidentified as electrons [58]. K, can pass the veto
counters without energy deposition and decay into 7°z°.
These 7z° decay immediately into photons that can convert
on some of the material of the setup (e.g., the windows of
the vacuum pipe) into et e~ pairs and deposit energy in S,.
The decay chain K — 72% z° — yeTe™ is also possible.
We estimated this background using both simulation and
data. For this, we selected the sample of “neutral” events
changing the cut (ii) to Eg, < 0.5 MIP. The distribution of
such neutral events is shown in Fig. 4. The signal box on
the Ewcar, — Egcar, plot contains three events in the 2017
dataset and no events in the 2018 data. For this reason, for
the estimation of background in the analysis of the 2018
data, we took a wider box changing the cut (iii) and relaxed

102
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Events

107"

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Energy in WCAL2 [GeV]

FIG. 3. The expected energy in the W, counter from the signal
events. The upper cut value of <0.7 MIP is shown by the arrow.
Solid line histogram (blue): € = 0.0003, 54% of events pass the
cut. Dotted line histogram (red): € = 0.0006, 66% of events pass
the cut. The events are histogrammed with the weight corre-
sponding to the probability for the A’ to decay after the last
tungsten plate of the WCAL.
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FIG. 4. Distribution of selected EM neutral and signal-like
events in the (Ewcar, Ercar) plane from 2017 to 2018 data.
Neutral events are shown as hollow (2017) and full (2018)
triangles. The two shadowed bands represent the signal box
regions for the two different runs. A single signal-like event
detected during the 2017 run not falling into the signal region is
shown with a red triangle.

the cut (vi). The MC sample of Kg was simulated according
to distributions predicted for the hadron interactions in
WCAL. With this sample, the ratio of signal-like to neutral
events is calculated resulting in the prediction of the
number of background events: 0.06 for the 2017 data
and 0.005 for the 2018 data (Table I). The smaller number
of neutral events and lower background in the 2018 data is
due to the increased distance between the WCAL and
ECAL since in this configuration less Kg events pass the
criteria (v) and (vi). In addition, the background is
decreased due to the vacuum pipe installed upstream of
the S4.

The charge-exchange reaction 7~ p — (>1)2°+
n 4 --- that can occur in the last layers of the WCAL,
with decay photons escaping the dump without inter-
actions, accompanied by undetected secondaries, is another
source of fake signal. To evaluate this background, we used
the extrapolation of the charge-exchange cross sections,
o ~ Z*3, measured on different nuclei [68]. The beam pion
flux suppression by the SRD tagging is taken into account
in the estimation. Background from punchthrough z~ can

TABLE 1. Expected numbers of background events in the
signal box that passed the selection criteria (i)—(vi).

2017 data

0.06 £ 0.034 0.005 £ 0.003
0.01 £0.004  0.001 £ 0.0004
0.0015 £ 0.0008 0.0007 £ 0.0004

Source of background 2018 data

Kg — 279
aN - D)% +n+---
Punchthrough 7~

Punchthrough y <0.001 <0.0005
7z, K — ev, K, decays <0.001

eZ — eZu uut — etup <0.001

Total 0.07 +0.035 0.006 £ 0.003

arise because of the inefficiency of the veto counter, mainly
due to pileup. This was estimated using the simulation and
the data from the calibration runs with a hadron beam. The
contribution from the beam kaon decays in-flight K~ —
e“vntn (K,;) was evaluated from simulation with a
biased kaon lifetime and found to be negligible. The
background from the dimuon production in the dump
e Z — e ZuTu~ with either z72~ or uTu~ pairs mis-
identified as EM event in the ECAL was also found to be
negligible.

Table I summarizes the estimated background inside the
signal box. The main part of the total background uncer-
tainty comes from the statistical error of the number of
observed EM neutral events. There is also the uncertainty
from the cross sections of the z, K charge-exchange
reactions on heavy nuclei (30%).

After determining and optimizing the selection criteria
and estimating the background levels, we examined the
signal box and found no candidates.

The combined 90% confidence level (C.L.) upper limits
for the mixing strength ¢ were determined from the
90% C.L. upper limit for the expected number of signal
events, N%* by using the modified frequentist approach for
confidence levels, taking the profile likelihood as a test

1072

1073

102 1071

FIG.5. The 90% C.L. exclusion areas in the (my; €) plane from
the NA64 experiment (shaded blue area) using 2017 data only
(dashed line) and 2017-2018 data combined. For the mass of
16.7 MeV, the X — e~ coupling region excluded by NA64 is
1.2x107* <€, < 6.8 x 107*. The NA48/2 limits only apply to
dark photons but not the X boson because differently from the A’,
it has nonuniversal couplings to u, d quarks allowing to explain
the 8Be* anomaly [41,42]. The full allowed range of e, for the X
boson, 2.0 x 10™* <€, < 1.4 x 1073, is shown as a vertical red
bar. The constraints on the mixing e from the experiments E774
[10], E141 [7], BABAR [25], KLOE [30], HADES [32], PHENIX
[33], NA48 [35], and bounds from the electron anomalous
magnetic moment (g — 2), [74] are also shown.
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statistic in the asymptotic approximation [69—71]. The total
number of expected signal events in the signal box was the
sum of expected events from the 2017 and 2018 runs,

2 2
NA/ = ZN’, = EHEOTP%MI’[A,(Q mA’)’ (2)
1= 1=

where niyp is the effective number of EOT in run-i
(5.4 x10'° and 3 x 10'9), Pi, is the signal efficiency in
the run i, and ng,(e, my) is the number of the A’ — e*e™
decays in the decay volume with energy E, > 25 GeV per
EOT, calculated under the assumption that this decay mode
is predominant; see, e.g., Eq. (3.7) in Ref. [62]. The value
nkor takes into account the data acquisition system dead
time. Each ith entry in this sum was calculated by
simulating signal events for the corresponding beam run-
ning conditions and processing them through the
reconstruction program with the same selection criteria
and efficiency corrections as for the data sample from the
run-i. In the overall signal efficiency for each run, the
acceptance loss due to pileup in the veto detectors was
taken into account.

The A’ yield from the dump was calculated as described
in Ref. [64]. These calculations were cross-checked with
the calculations of Refs. [72,73]. The <10% difference
between the two calculations was accounted for as a
systematic uncertainty in ny (e, my). The total systematic
uncertainty on N, calculated by combining all uncertain-
ties did not exceed ~25% for all runs. The combined

90% C.L. exclusion limits on the mixing strength € as a
function of the A’ mass is shown in Fig. 5 together with the
constraints from other experiments. Our results set a limit
on the coupling of a new X boson, which could explain the
X17 anomaly, with electrons at a level of €, < 6.8 x 107*
and mass value of 16.7 MeV, leaving some unexplored
region at this mass as an interesting prospect for further
searches.

In accordance with the Feng model of Ref. [41], the
attenuation of the X-flux due to X-neutron interactions in
the WCAL target was found to be <1%, since, for the
largest allowed coupling €, ~ 1072 [42], the X-boson mean
free path in tungsten is ~20 m, while the total thickness of
the WCAL absorber layers is ~10 cm.
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