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Abstract The workshop “Shedding light on X17” brings
together scientists looking for the existence of a possible
new light particle, often referred to as X17. This hypothet-
ical particle can explain the resonant structure observed at
~ 17 MeV in the invariant mass of electron-positron pairs,
produced after excitation of nuclei such as 8Be and “He by
means of proton beams at the Atomki Laboratory in Debre-
cen. The purpose of the workshop is to discuss implications
of this anomaly, in particular theoretical interpretations as
well as present and future experiments aiming at confirming
the result and/or at providing experimental evidence for its
interpretation.

 e-mail: mauro.raggi @uniromal.it (corresponding author)

1 Executive summary

The Standard Model (SM) of particle physics has been highly
successful in describing the fundamental particles and their
interactions in experiments performed in the last decades.
Nevertheless, the SM leaves unanswered questions on many
aspects of fundamental physics, like dark matter, the origin
of matter over anti-matter asymmetry in the Universe, the
strong CP problem. It has been considered a low energy limit
of a more complete theory implying a huge experimental and
theoretical effort to search for new phenomena.

One of the most unambiguous signals of physics beyond
the SM would be the observation of new particles, which in
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fact are searched for in a variety of experiments over a wide
energy mass range.

1.1 Summary of the experimental status of X17 searches

In 2016, an experiment conducted at the Atomki labora-
tory (Debrecen, Hungary) [1] studied the nuclear reaction
"Li(p, eTe™)®Be. The experiment consists in exciting a tar-
get nucleus using the proton capture process, and measuring
the distribution of 6,+.-, the relative angle between positron
and electron (e*e™) produced in the Internal Pair Creation
(IPC) in the transition from the exited to the ground state of
8Be. Due to the very low energy of the emerging ete™ pair,
justafew MeV, the measurement of their angles is not a trivial
task. This experiment was using a set of multiwire propor-
tional counters placed in front of the AE and E detectors to
determine the 6,+,- angle. The very thin AE detectors were
made of plastic scintillators and chosen to provide excellent
y suppression while the much thicker E detectors were used
to determine the energy of the electron and positron sepa-
rately (Figs. 1 and 2). A detailed description of the experi-
mental setup can be found in [2]. The Atomki collaboration
observed an enhancement around 140 in the distribution of
0.+.- in contrast with the expectations that are based on the
Rose theory [3].

The study of the IPC angular distributions has in fact a
long tradition in nuclear physics. It has been used for more
than 30 years to study the multi-polarity of nuclear transitions
exploiting the different kinematics of magnetic and electric
transitions at large angles.

After 2016 the Atomki collaboration improved the mea-
surements in many ways [4—6] but the anomaly did not dis-
appear. Moreover no nuclear physics model could explain
it. This led to a fascinating explanation of physics beyond
the SM, such as the creation of a light boson that decays
in the observed ete™ pair. This particle is now referred to
as X17, because of the value of the observed eTe™ invari-
ant mass excess. It should be noticed that ®Be along with
4He, is somehow a peculiar nucleus. They both exhibit states
with excitation energy larger than 15 MeV with respect to
the ground state, very uncommon in nuclear physics. This
characteristic makes them particularly suited to search for
new particles, being the accessible mass region quite large
with respect to other studies of IPC performed on different
nuclei.

In the first experiment [1] the "Li(p, eTe™)®Be reac-
tion was induced with a 1 WA proton beam impinging on
15 wg/em? thick LiF, or 700 pg/cm? LirO targets. The
proton beam energy was adjustable, so that it was possi-
ble to populate both the 18.15 MeV and 17.6 MeV 3Be
excited states. At the energy of the 18.15 MeV transition,
a 6.80 significant anomaly was observed in the eTe™ angu-
lar correlation, explainable with the production and the sub-
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Fig. 1 The Atomki spectrometer layout

Fig. 2 The Atomki 5 arms spectrometer used in the first $Be measure-
ment in 2016



Eur. Phys. J. C (2023) 83:230

Page 3 of 66 230

sequent decay of a new particle with mass 16.7 MeV. The
anomaly was defined as the difference of the experimental
data distribution with respect to the expectation of a mixed
E1+M1 angular correlation, according to the Rose theory.
No anomaly was observed in the 17.6 MeV /c? transition.
Several independent checks ruled out any instrument-related
systematic effect.

The anomaly was re-investigated and confirmed in the
same nuclear reaction in 2017 with a new and more sta-
ble accelerator and an improved tracking detector [4] and in
2018 with a further improved experimental apparatus and a
new analysis method to subtract the background from cosmic
rays [5]. The best estimate of the hypothetical particle mass
was found to be 17.01(16) MeV /c2.

Since 2019 the same collaboration studies the 3 H(p, y Y*He
reaction induced with different proton energies. A similar
anomaly was observed in the 21.01 MeV 0~ — 0T transi-
tion of “He [6]. The experimental apparatus was not changed
with respect to the previous 8Be measurement except for
the H target. Also in this study an evident peak around
0 = 115° was found that could not be explained with the
IPC background simulations and measurements. The effect
was observed with a high statistical significance (greater than
6.6 o) at the same invariant mass.

Several experimental aspects support the hypothesis that
the Atomki anomaly is a genuine effect:

— The statistical significance of the observations is always
>6 standard deviations.

— The anomaly has been observed in 8Be using two differ-
ent experimental setups: 5 and 6 arms spectrometers.

— The anomaly has been observed using different position
sensitive detectors: multiwire chambers and silicon strip
detectors.

— The anomaly has been observed in two different target
nuclei 8Be and *He and shows up at different value of the
angle.

— The anomaly has been observed with different proton
beam energies.

— The anomaly has not been observed in calibration atoms
i.e. 10 during the same data taking period.

— The anomaly has not been observed in events with asym-
metric momentum e ™ e~ pairs.

However, despite the consistency of the several obser-
vations at Atomki, more experimental data are needed to
understand the nature of this anomaly. For this reason many
experiments all over the world looked for such particle in
different channels, or are planning to do so. Many of these
experiments already put constraints on the coupling of this
hypothetical particle with ordinary matter, while others are
still in the R&D phase, but they will soon contribute a deeper
understanding of this phenomenon.

An important aspect of the experimental effort is the
direct confirmation of the Atomki measurement. While it
was shown that the same detector gives the same result, it
still has to be proven that the anomaly is not an artefact of
the detector geometry, as suggested in [7]. Also measuring
the eTe ™ invariant mass at the X17 observed peak with a bet-
ter precision can add information. For example, if the width
of the peak remains unchanged even though the resolution
gets better, this would rule out the existence of the hypotheti-
cal particle, that has a much narrower predicted width (order
of 1073 eV [8] than the experimental resolution).

Therefore there are numerous experiments that want to
look for the hypothetical X17 in IPC from nuclear transitions,
as the experiment at Atomki did.

The MEG II experiment [9] at the Paul Scherrer Institute
in Switzerland, whose principal goal is to search for the lep-
ton flavor violating decay u™ — e'y, plans to repeat the
"Li(p, ete™)3Be measurement. A Cockroft—Walton accel-
erator is available to produce a 1-100 wA beam of up to
1.1 MeV protons. MEG 1II aims at obtaining an improved
invariant mass resolution and extending the study to larger
angular acceptance, thanks to its spectrometer composed of a
high resolution drift chamber tracker in a non-uniform mag-
netic field.

The Institute of Experimental and Applied Physics
(IEAP [10]) at Czech Technical University (CTU) in Prague
is designing a new experiment to measure IPC in different
nuclear reactions. The IEAP proposed the COmpact Positron
Electron spectrometer (COPE) to have a full measurement of
the X17 decay products. This detector will allow to measure
with high precision the pairs from IPC integrating a silicon
based Timepix detector in vacuum with gas detectors.

The Laboratori Nazionali di Legnaro (LNL [11]) are
equipped with a 2 MV Van de Graaff accelerator that can
deliver a proton beam current of 1 wA. The protons from
this accelerator can be used to excite the nuclear states from
which an X17 can be emitted, so a eTe™ scintillator-based
modular detector has been proposed to perform a measure-
ment very similar to the Atomki one. The goal is to measure
the X17 decay products in the ®Be and '>C de-excitation
with a very good angular resolution thanks to the low mate-
rial budget and a good angular coverage to reach the goal of
1% invariant mass resolution. A prototype module has been
built and calibrated with a radioactive sources recently.

Given the observation of the anomaly in a proton induced
nuclear reaction a proposal of using a neutron beam to induce
the 3He(n,X)*He reaction is thought to be complementary.
The “He de-excitation has been proposed to be studied at
the nToF [12] facility at CERN. The nToF in fact provides a
pulsed neutron beam with an energy up to £, = 100 MeV.

The “He de-excitation might also be explored at the
LUNA-MV facility [13] at Laboratori Nazionali del Gran
Sasso (LNGS). LUNA-MV is a high intensity proton beam
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accelerator that can provide a proton beam with a maximum
current of 100 LA, thus being able to produce the 3 H(p,X)4He
reaction. This might shed some light on the hypothesis that
the X17 might be the carrier of protophobic interaction.

Finally, the UdeM 6 MV Tandem Van de Graaff Facility
at CCPAC [14] in Montreal is able to produce a 3He beam,
and has a beamline dedicated to the X17 measurement in the
reaction 'Li(*He, y)'%Be. Its goal is to measure IPC in 8Be
and '°B nuclear reactions with a 95% angular acceptance
to remove any possible bias introduced by the experimental
apparatus.

Besides these tests of direct confirmation of the Atomki
results a search of X17 can be conducted also at higher
energy accelerators. If the X17 exists, it might be produced
in the e~ Z — e~ ZX Bremsstrahlung reaction, that can be
obtained from a high energy electron beam impinging on an
active target. The NA64 experiment at CERN was able to
perform this measurement in 2017-2018 collecting a statis-
tics of 8.4 x 1010 electrons. The NA64 collaboration did not
find any evidence of the existence of the X17 particle, but
managed to set constraints to its coupling to electrons. They
set a limit on the coupling of the X17 with electrons to be
less than 6.8 x 10~% for a mass value of 16.7 MeV [15].

Another experiment at the CERN SPS, NA48/2, collected
in 2003-2004 a sample of 7° from ~ 2 x 10'! charged kaon
decays in flight [16]. The decay of 7° mesons produced in the
kaon decays is a good tool to search for a hypothetical dark
boson, expected to be produced in 70 — y X, X — ete.
In the X17 mass range the NA48/2 experiment obtained an
upper limit on €2, the vector coupling of dark photon to Stan-
dard Model particles, of order of few 10~ [17], improving
existing limits from other experiments. The upgraded exper-
iment NA62, which is currently running, will achieve larger
statistics with an improved e*e™ invariant mass resolution
and a better background rejection.

A study of the resonant production of the X17 with a
positron beam would be highly desirable. The Positron Anni-
hilation into Dark Matter Experiment PADME [18], at Lab-
oratori Nazionali di Frascati (LNF) is well suited to explore
this. The LNF linear accelerator used in this experiment can
in fact deliver a positron beam with energy in the range 250-
550 MeV/c? to a 100 wm diamond target to produce X17
from a eTe™ annihilation.

A search for the dark photon A’ is foreseen also at the
Mu3e experiment [19] at Paul Scherrer Institut (PSI). The
experiment is built to look for charged Lepton Flavor vio-
lation in the 4™ — eTe"e™ channel, but can also be used
to search for dark photons in the mass range 10-80 MeV /c?
in the decay u* — etv,, Vv, A’, with A" — eTe™. It can
explore the kinetic-mixing parameter region up to €2 ~
1078,

Other experiments where it will be possible to search
for the X17 are FASER [20] at CERN, DarkLight [21] and
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HPS [22] at JLAB, VEPP-3 [23] at Novosibirsk and the
MAGIX and DarkMESA experiments foreseen at the MESA
accelerator complex at Mainz [24].

Also searches in charmed meson and J/¥ decays have
been proposed [25,26], that can be explored at Bellell
(SuperKekB), BESIII (BEPCII) and LHCB (CERN).

The anomalous signals observed by the Atomki collabo-
ration in multiple experiments analysing the 8Be* — ®Be +
ete™ and*He* — “*He+eTe transitions call for an expla-
nation. Given the level of significance of these measurements,
both around the 7o value, the option of a statistical fluctua-
tion is excluded. To date it is fair to conclude that no plau-
sible experimental source of error has been identified. The
compatibility of the observed angular anomalies in the dif-
ferent target nuclei with the same new particle mass, strongly
supports the hypothesis of a new effect. At the same time,
however, the Atomki results requires an independent experi-
mental confirmation in order to be firmly established beyond
any reasonable doubt. Strong effort is foreseen in the next few
years to confirm the Atomki results in different international
laboratories.

1.2 Summary of the theoretical perspectives on the X17

From the theoretical side if one assumes the robustness of
the experimental results the anomaly may be explained by'

(1) A SM and/or nuclear physics effect that has not been
accounted for

(i) A beyond the SM effect, given by a new unknown degree
of freedom beyond the SM particle content.

Both options have received considerable attention in the lit-
erature, admittedly more regarding (ii) than (i). This is not
only due to the possible existence of the long sought physics
beyond the SM, although the possibility of simultaneously
explaining in acommon framework the Atomki measurement
and other open questions of the SM is definitively intriguing
and acts as a trigger for many theoretical works. It is the char-
acteristic feature of the anomalous signals itself that makes
these results fascinating from a new physics perspective. The
anomalies show simple but well defined properties, which are

— the excesses are resonant bumps located, within the
experimental errors, at the same et e~ invariant mass both
in the 8Be and in the *He transition;

— the eTe™ opening angles of the anomalous peaks in the
two transitions, that have different available energy in
their decay, vary in a way which is compatible with the
kinematic of a 17 MeV boson decaying into a lepton pair;

1 Obviously, there is also the possibility of a combination of the two
effects.



Eur. Phys. J. C (2023) 83:230

Page 5 of 66 230

— the anomalous signal in the 8Be transition has been
observed only inside the kinematic region given by |y| <
0.5, where y is the energy asymmetry of the lepton pair
(i.e. the ratio of the difference and the sum of their ener-

gies).

The X17 hypothesis would naturally explain such non-trivial
features of the observed signal.

Before introducing and commenting upon the more com-
pelling, yet speculative, possibilities in terms of physics
beyond the SM that has been proposed in the literature, let
us review the options that have been pushed forward for the
case of an unaccounted SM and/or nuclear physics effect.
These may either completely explain the experimental mea-
surements or reduce their statistical significance to a more
modest level, compatible with a fluctuation which might dis-
appear with more data. Given the nature of the anomaly,
which is measured in low energy nuclear transitions, vari-
ous works have studied the possibility of some neglected or
poorly understood nuclear physics effects. Along this line
of reasoning the first step has been taken in [27]. Here the
Authors improved upon the nuclear physics modelling of the
reaction in multiple directions by using an effective field the-
ory framework and conclude that the probability of unknown
nuclear effects explaining the Atomki anomalies are very
low. They found that the length scale of the nuclear form
factor needed to explain the anomalous signal is larger than
the one observed in nuclear scattering experiments. We refer
to their contribution in Sect. 3 for more details. Some years
later in [28] the possibility that the anomalous signal could
be given by a nuclear decay chain with the subsequent con-
version of two highly energetic ys into an etTe™ pair has
been investigated. While both the rates and the kinematic fits
nicely agree with the experimental results the Author him-
self concludes that ”The assumed nuclear chain reaction is
not favoured in the established nuclear models and no expla-
nation for the isospin structure of the signal can be given.
Thus, it has to be concluded that the process studied in this
paper does not give a completely satisfying explanation of
the X17 puzzle.”. For what concerns possible SM explana-
tions, various Authors have proposed that the X17 resonance
may be a new exotic QCD bound state. In [29] it has been
proposed that the X17 resonance might be identified with
a tetraquark, i.e. a four quarks QCD bound state, made up
by first generation quarks. The proposed explanation pre-
dicts however a second degenerate resonance with a differ-
ent width, but unobserved. More recently in [30] the even
more exotic possibility of an hexadiquark, i.e. a 12 quarks
bound state, has been advanced, albeit in this framework only
the “He anomaly can be addressed. Another exotic explana-
tion in terms of a composite system of a light quark and a
light antiquark confined by the QED interaction has been
proposed in [31] and we refer to the Author’s contribution

in Sect. 3 for this latter option. Finally, on less exotic lines,
the Authors of [7] have instead claimed that the experimental
results can be reproduced within the SM by carefully consid-
ering the full set of next to leading order corrections and the
interference terms to the Born-level decay amplitudes, also
proposing some experimental improvements in order to test
this hypothesis. All together it is fair to say that no firm expla-
nation of the Atomki measurements in terms of SM effects
has been established. While this automatically pushes for-
ward the possibility of beyond the SM physics, more work
on possible SM explanations should be pursued in order to
conclusively reject this hypothesis.

Moving on the more speculative side of the existence of
a new dynamical degree of freedom beyond the SM, many
more scenarios have been advanced.? The lightness of the
putative X17 resonances is particularly intriguing, in that
it could be interpreted within the framework of a light and
weakly coupled dark sector with possible connection with
Dark Matter physics. It could also leave its imprint in other
astrophysical and cosmological observables, providing addi-
tional handles to disentangle its nature. This is an area of
research which has gained increasing attention in the last
years from both the theoretical and experimental side, clearly
motivated by the lack of TeV scale new physics in high pr
experiments at the LHC. Intriguing connections with the
solution of the strong CP problem and axion physics have
also been made [32,33] and will be presented in Sect. 3. A
light resonance could also be of relevance for the explana-
tion of other experimental anomalies reported in recent years.
This is the case, e.g., of the anomalous magnetic moment of
the muon [34], the neutron lifetime anomaly [35] and the
NuTeV anomaly [36].

It remains however a concrete possibility that the X17
resonance is not related to the resolution of any of the SM
shortcomings nor to other experimental anomalies, but is the
manifestation of truly unexpected new physics. Needless to
say this is an exciting possibility, which however raises more
questions than answers. The mere observation of the 8Be and
4He transitions restrict the X17 boson to be either a vector,
an axial vector or a pseudoscalar, under the assumption of
definite parity. These possibilities have been all investigated
in the recent literature. Solutions with mixed parity, even if
possible, have been less explored so far. Feng and cowork-
ers were the first to consider the X17 hypothesis and mainly
focused on the pure vector scenario [37-39]. They found that
the main experimental constraint of such a scenario comes
from the search of the pion decay 7° — (X — ete™)
by the NA48/2 collaboration, whose null results require the

2 It is not the purpose of this Introduction to review or enumerate all
proposed theoretical explanations for the Atomki anomalies. We refer
to https://inspirehep.net/literature/ 1358248 for a full updated reference
list.
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new particle to be “protophobic”, i.e. to have a suppressed
coupling to the proton. Working in an effective field the-
ory framework, they claim a protophobic vector boson could
simultaneously explain both the anomalies in the Be and
4He transitions. Later on, however, Zhang and Miller [40]
pointed out that the contribution from the direct proton cap-
ture for a protophobic vector boson with mass around 17 MeV
would be dominant with respect to the contribution from
the 8Be(18.15) resonance, in contradiction with experimen-
tal observation that the anomaly disappears off the nuclear
resonance.

Kozackzuk and coworkers investigated instead the case of
an axial vector [41]. The authors applied a multipole expan-
sion method to the anomalous nuclear decay rates and eval-
uated the related nuclear matrix elements by ab-initio cal-
culation using realistic nuclear forces. Their estimation con-
cludes that the X17 axial coupling to quark should be order
0(1074—=107>) to explain the anomalous signal in the 3Be
transition. Apparently an axial boson of 17 MeV with such
range of couplings is still viable and not excluded by exper-
imental research.

The last scenario, relative to a light pseudoscalar, has
been analyzed by Ellwanger and Moretti [42]. The authors
made a rough estimation of the range of the values of the
Yukawa couplings, assuming a nuclear shell model for the
8Be nucleus. The strongest constrains they reported comes
from the flavour changing neutral current interactions due to
a light pseudoscalar, especially from K — 7 + X decays.

Beyond such generic studies of the X17 properties, for
which we refer to [43] for a recent study, some work has
been done on BSM models which could include a 17 MeV
boson. In particular, Delle Rose and coworkers have consid-
ered extensions of the Standard Model with a gauged U (1)
symmetry [44]. The authors identify various scenarios able
to provide a light Z’ boson with interactions explaining the
anomalous signal of Atomki searches, even including in the
discussion the possibility of an additional Higgs doublet or
more complicated Yukawa structures.

Altogether the anomalous signal measured by the Atomki
collaboration shows particular features, which could be
explained by assuming the existence of a new particle with
a mass around 17 MeV. Trivial theoretical considerations
require the new particle to be a neutral boson and restrict its
spin-parity assignments to be a vector, an axial vector or a
pseudoscalar, if one assumes definite parity. A pure scalar
solution is excluded by parity conservation, given the obser-
vation of the anomalous signal in the ®Be transition. Other
than the intriguing solution of a new particle, however, alter-
native explanations relying, e.g., on underestimated experi-
mental systematic effects or some yet unidentified additional
SM contribution, are still possible and ask for further inves-
tigations. To conclude, there are many theoretical attempts
to understand the observed signal. No unique explanation
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exists, however the claim of a new particle hinting at physics
beyond the Standard Model is an intriguing possibility.

1.3 The Shedding light on X17 workshop

This volume summarises the contributions presented at the
“Shedding light on X17” workshop held at the Centro Enrico
Fermi in Rome form September 6th to September 8th 2021
which brought together in Rome nuclear, theoretical, and
experimental particle physicists, interested in discussing the
origin of the anomaly observed at the Atomki Laboratory, its
interpretation and future experimental efforts to confirm and
explain this observation.
The conference was divided into tree main sessions:

— Experiments on Internal Pair Creation

— Theoretical interpretations

— Beyond the Standard Model experimental searches for
X17.

In the “Experiments on Internal Pair Creation” sections the
most recent experimental results obtained at the Atomki Lab-
oratory and the techniques they used are presented. Possible
theoretical interpretations are discussed in the “Theoretical
interpretations sections”. Finally in the “Beyond the Standard
Model searches for X17” section we will review the status
of past, present and future experiments aiming at detecting a
possible X17 particle not related to IPC measurements.

The Shedding Light on X17 participants at the entrance
of the historical building of the “Istituto di Fisica” di via
Panisperna in Roma.

2 Experiments on internal pair creation
2.1 X17: status of the experiments on ®Be and “He

Attila J. Krasznahorkay
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Institute for Nuclear Research (ATOMKI), P.O. Box 51, H-
4001 Debrecen, Hungary

Abstract The angular correlation of eTe™ pairs produced in
the "Li(p, y)®Be and in the *H(p, y)*He reactions have been
studied at several proton energies and significant deviations
from the standard theoretical expectations were observed at
large angles, between 110° < 6,+,- < 150° (where 6,+,- is
the angle between e*e™ momenta) supporting the formation
and the subsequent decay of a hypothetical particle, recently
named X17. We found that the particle is created most prob-
ably in the direct proton capture, and not in the M1 decay of
the 18.15 MeV J* = 17 state as previously supposed. As a
consequence, our present results strengthen the vector boson
interpretation of the data.

A very challenging experimental campaign was initiated
in the late seventies to search for a new particle, the QCD
axion, which was predicted by Weinberg [45,46] and which
is one of the most compelling solutions to the strong CP
problem [47,48]. Donnelly et al. [49] proposed to study the
angular correlation of the e*e™ pairs created in 17 — 0T
nuclear transitions by tracking the signatures of the two-body
decay of the axion. However, the axion was rapidly ruled
out in the MeV /c? mass regime casting a shadow on these
experiments.

The hunting for heavier particles, in particular around
9 MeV/c?, was originally suggested by de Boer and van
Dantzig [50]. They performed a series of experiments at
the University of Frankfurt, which was discontinued after
the shutdown of their accelerator [51]. Soon later, their
ete™ spectrometer [52] was transferred from Frankfurt to
Debrecen and the search for the 9-MeV /c? particle could
be restarted at the ATOMKI accelerator facilities. However,
the low efficiency of the spectrometer and the observed large
background did not allow the detection of the expected weak
signal of the decay of such a particle.

To improve the sensitivity of the apparatus, we developed a
new spectrometer [2] with an almost three order of magnitude
higher efficiency. Using this upgraded spectrometer, we re-
investigated the reaction of "Li(p, y)®Be first studied by de
Boer, but no signatures of the 9 MeV /c? particle was found.
As a next step, our spectrometer was again modified and
adapted to study the eTe™ angular correlation in a wider
angular range up to 180°, and thus the mass range sensitivity
was extended to search for particles heavier than 9 MeV /c?.

In 2014, the "Li(p, y)®Be reaction was reinvestigated,
and the angular correlation of the e*e™ pairs formed in the
17.6 MeV and 18.15 MeV 17 — 07 transitions was mea-
sured. In the 18.15 MeV transition, a significant anomaly was
observed at large angles (6,+,- = 140°) signalling the for-
mation and the subsequent decay of a 16.7 MeV /c? particle,
called later on the X17 particle. At the same time no anomaly
was identified in the 17.6 MeV transition. The angular corre-
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Fig. 3 Comparison of the experimental results obtained for the
18.15 MeV transition of $Be (dots with error bars) and the simulated
angular correlations of the ete™ pairs assuming E1 (dotted line) and
M1 (dashed dotted line) multipolarities. The best fit (black histogram)
is a sum of the simulated backgrounds (dashed line) and the simulated
contribution of the hypothetical X17 boson

lations obtained at E, = 1100 keV, and atE,, = 450 keV are
presented in Figs. 3 and 4, respectively. Before publishing our
results [1], we performed several independent measurements
to make our results solid by ruling out any instrument-related
artifacts.

In the data analysis of our measurements, a complex,
but straight-forward fitting procedure was applied to derive
the mass of the decaying hypothetical particle [53]. As a
first step, the E1 and M1 internal e*e™ pair angular corre-
lations are simulated with GEANT3, and their combination
was fitted to the measured angular correlation data in the
40° < B,+,~ < 130° angular range to extract the mixing
ratio of IMM1)/I(E1). The anomaly was then defined as the
difference of the experimental and simulated distributions
and fitted in the full angular range with the simulated contri-
bution of the eTe™ decay of X17 on top of the mixed E1+M1
angular correlation. In all cases, the fit of the original exper-
imental data was performed with the RooFit toolkit [54,55].

The possible relation of the X17 boson to the dark mat-
ter problem has triggered an enormous interest in a wider
physics community [56]. The first theoretical interpretation
of our experimental results was provided by Feng and co-
workers [8,57]. They generalized the dark photon theory by
coupling the X17 particle to the quarks along with the electric
charge and determined the coupling constants by considering
all existing experimental data including also our new obser-
vations. They introduced their theory as “protophobic” since
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Fig. 4 ete™ angular correlations obtained for the 17.6 MeV transition
of 8Be by using a thin target (snow flakes). The results of the simulations
performed for M1 and for El transitions as well as for the external pair
creation (EPC) are indicated as dotted histograms and their sum (dashed
histogram) fitted to the experimental data are also shown

the coupling of X17 to protons was found to be much weaker
than to neutrons. In contrast to our published results [1],
they predicted that the X17 particle should also be created in
the 17.6 MeV transition of the ®Be with a reduced boson to
y-decay branching ratio of B, (17.6) ~ 0.435x B,(18.15)
according to the phase-space suppression factor.

Ellwanger and Moretti formulated another possible expla-
nation of our experimental results through a light, pseu-
doscalar particle [58]. Given the quantum-numbers of the
initial and final states of ®Be, the X17 boson could still be
a J® = 0~ pseudoscalar particle, if it was emitted with
L = 1 orbital momentum. A ten times smaller branching
ratio was estimated for the 17.6-MeV transition compared to
the 18.15 MeV one, which was in a good agreement with our
experimental results.

Alves and Weiner [59], Alves [60] and Liu et al. [61] revis-
ited the experimental constraints on the QCD axions in the
O (10 MeV) mass window, and they found a variant axion
model that remains compatible with the existing constraints.
This reopened the possibility of solving the strong CP prob-
lem. Such axions or axion-like particles (ALPs) are expected
to decay predominantly by the emission of e*e™ pairs.

In 2017, we re-investigated the Be anomaly in the 18.15-
MeV transition with an improved and independent setup. We
have confirmed the signal of the assumed X17 particle and
constrained its mass [my = 17.01(16) MeV] and branching
ratio [B, = 6(1) x 107°] [62,63]. We repeated the experi-
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Table 1 Internal Pair Creation Coefficients (IPCC), X17 Boson branch-
ingratios (B, ), masses of the X17 particle, and confidences derived from
the fits obtained in the experiment with tritium target. Errors are given
in parenthesis

E, IPCC B, Mass Confidence
(keV) x107* x107° (MeV /c?)

510 2.5(3) 6.2(7) 17.01(12) 730

610 1.0(7) 4.1(6) 16.88(16) 6.60

900 1.1(11) 6.5(20) 16.68(30) 8.90
Averages 5.1(13) 16.94(12)

8Be values 6 16.70(35)

ment also for the 17.6-MeV MI transition in $Be to validate
the different theoretical predictions, but different branching
ratios [4,5,64] were found in a number of different mea-
surements. We recognized a more pronounced anomaly for
thicker targets which could be explained by the larger inte-
grated energy range of the non-resonant, direct proton capture
contribution to the excitation function.

Very recently, we also observed a similar anomaly in *He
by employing the H(p, y)*He reaction at different proton
energies [53,63,65,66]. The values obtained for the mass and
branching ratio of the X17 boson and for the IPC coefficients
are summarized in Table 1.

Figure 5 presents the measured angular correlations of
ete” for E, = 510, 610 and 900 keV together with the fit
of the simulated background and the simulated contribution
of the hypothetical X17 boson.

The particle mass extracted from the present dataset is
[mx = 16.94 £0.12(stat.)£0.21(syst.) MeV]. It agrees rea-
sonably well with the mass of the previously proposed X17
boson. It was also shown that the branching ratios of X17
are identical within uncertainties for all three beam energies,
proving that the X17 was most probably created in the direct
proton capture having a dominant multipolarity of E1. Our
present results obtained for “He at different beam energies
is supported by the theoretical results of Viviani et al. [67],
who calculated the eTe™ pair production in the four nucleon
system by using state-of-the-art approach to nuclear strong-
interaction dynamics and nuclear electromagnetic currents.

Zhang and Miller [68] studied the protophobic vector
boson explanation by deriving an isospin relation between
the coupling of photon and X17 to nucleons. They concluded
that the X17 production may be dominated by direct capture
transitions and a smooth energy dependence is predicted for
all proton beam energies above the 17.6 MeV J* = 1T
resonance [68], but not for the resonance for which the M1-
induced X17 production was found to be very important.

In our very recent work [54], we report the results of
the measurements of the angular correlations of the ete™
pairs created in the "Li(p, y) reaction at proton energies of
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barding energies as indicated in the figures. The best fit (dashed line)
as the sum of the simulated background (dotted line) and the simu-
lated contribution of the hypothetical X17 boson is compared with the
experimental signal values (dots with error bars)

E, = 450keV, 650 keV, 800 keV and 1100 ke V. As a typical
example, Fig. 6 shows the angular correlation measured at
E, =800 keV.

The resonance at 18.15 MeV is much wider (I" =
138 keV) than the resonance at 17.6 MeV (I" = 10.7 keV) in
"Li(p, y)®Be and due to the distributed strength, the peak-to-
background ratio at E = 18.15 MeV is two orders of magni-
tude smaller than at 17.6 MeV. In both cases, the background
stems from the direct capture of protons, and its multipolarity
is essentially E1.

The present data suggests that the X17 boson does not only
form in the 18.15-MeV M1 transition, it appears to be gener-
ated also in the direct proton capture. Stable LiF targets could
only be applied for the excitation of the 17.6-MeV resonance,
but at higher proton energies (above E, = 441 keV), the

600
500

400 "Li(p,e*e)*Be

300 E = 800 keV

Counts/(5 degree)

200

- N PR PR R B
40 60 80 100 120 140 160 180
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Fig. 6 Comparison of the experimental and the simulated angular cor-
relations of the e T e~ pairs obtained from the "Li(p, ete™)®Be reaction
at a proton bombarding energy of 800 keV. The best fitted sum (solid
line) as sum of the simulated background for E1 (dotted line) and M1
(dashed line) transitions and the simulated contribution of the hypothet-
ical X17 boson is compared with the experimental signal values (snow
flakes with error bars)

6.05-MeV 0" — 0 transition is also excited by the nuclear
reaction of °F(p, «)'®0. The very intense eTe™ yield cre-
ated in the 0% — OV transition would hinder the measure-
ment of the much weaker transitions in focus. Therefore, in
our previous experiments, metallic Li targets (on Al back-
ings) were applied with LiF only appearing as a contami-
nant. Even though treated in Ar atmosphere, the targets were
found to be very unstable: the Li was heated by the beam
and diffused into the Al backing. The targets were quickly
degraded and the diffusion increased the effective target (Li
layer) thickness significantly. As a result, our target inte-
grated undetermined regions of the background varying also
with time. Thus, the previously measured excitation function
of the anomaly cannot prove that the anomaly was created
only in the 18.15 MeV M1 transition. In contrast, we used
much more stable LioO targets in the present experiment to
avoid the above uncertainty in the effective proton energy.

In conclusion, the major features of the spectra can be
described convincingly by considering both the internal pair
creations (IPC) in the M1 decay of the 17 states and the
El following the direct proton capture of 'Li. However, a
peak-like, anomalous excess of the eTe™ pairs in the angu-
lar correlation spectra around 140° was observed weakly at
E, = 650 and 800 keV as well.
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Table 2 The fitted mass

2
[m(X17)] and the integrated E) (keV) m(X17) (MeV/c?) I(X17) I(ED) IM1) B(X17)
yields 1(X17), I(E1) and I(M1)
of the X17. the E1 and the M1 450 16.6(3) 43(49) 30(25) 79(2) 0.39(44)
contributions. The ratio of 650 16.94(14) 24(16) 46(5) 32(4) 0.31(19)
IX17)/(E1D)+I(M1)) is also 800 16.81(9) 33(10) 62(4) 5.94) 0.49(13)
highlighted [B(X17)] 1100 17.11(12) 28(8) 66(2) 15(1) 0.35(11)

The fitted parameters for the E1 and M1 IPC distributions
as well as the contribution of the X 17 particle are summarized
in Table 2.

The ratio of I(M1)/I(E1) determined for E,, = 1100 keV
is about a factor of two larger than the ratio extracted for
E, = 800 keV as suggested also by Hayes and co-workers
(Fig. 3 of Ref. [69]).

In summary, our recent result revealed that the particle
is created both in the direct proton capture and in the M1
decay of the 18.15 MeV J* = 17 state. The results obtained
for ®Be at different beam energies agree reasonably with the
prediction of Zhang and Miller [68], except for the 17.6 MeV
sharp resonance. They found the contribution of the M1-
induced X17 creation more significant there, than the one we
observed.

According to the experimental results, the protophobic
X17 particle could be produced in the direct capture dom-
inated resonance-free regime as well. At the same time, it
strengthens the J* = 17 vector boson interpretation of the
data [8]. Given the X17 particle seems to be created in E1l
transitions, we are now planning to observe it in the decay
of Giant Dipole Resonance (GDR) excitations of different
nuclei as well.
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2.2 X17 search with the MEGII apparatus

Angela Papa for the MEGII collaboration

Abstract The MEGII experiment has successfully completed
itsupgrade and just recently started data taking. The astonish-
ing expected performances of the new and upgraded detec-
tors in MEGII, together with the availability of a Cockcroft—
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Walton (CW) accelerator normally used for MEGII cali-
bration purposes, turn out to offer a great opportunity to
search for a light neutral boson via nuclear reactions. The
intense proton beam delivered by the MEGII CW accelerator,
impinging on a thin Li-compound target can be used for this
purpose. The conceptual design, the experimental method
and feasibility studies in view of the search for the hypothet-
ical X17 possibly observed at ATOMKI are described.

2.2.1 Introduction

The MEG experiment has set the most stringent upper limit
onthe ut — ety decay, BR (ut — ety <42 x 10713
@90% CL) [70]. An upgrade of the experiment (MEGII) has
been successfully completed to increase the sensitivity on the
ut — ety decay search down to &(6 x 10714).

The characteristics of the MEGII experiment allow for
a precise measurement of the hypothetical X17 boson with
an improved geometrical acceptance and invariant mass res-
olution with respect to ATOMKI and give an independent
confirmation of this anomaly. Moreover, the larger angular
acceptance allows to study the X 17 production not only in the
plane perpendicular to the beam, as was done at ATOMKI. An
angular analysis could then provide information on the par-
ticle’s quantum numbers, allowing to discriminate between
the different scenarios proposed for the anomaly interpre-
tation. In fact, the Cockroft—Walton (CW) accelerator used
to calibrate the MEGII calorimeter can generate a proton
beam of sufficient energy to inspect both the 17.6 MeV
and the 18.15 MeV ®Be excited states on an appropriate
Li-compound target. The drift chamber, used to track the
positron in MEGII, can provide precise tracking and momen-
tum measurement for the e™e™ pair produced in the X17
decay, while the scintillation detector, which provides the
positron time, can be used as an efficient trigger. The photon
calorimeter can instead be used to continuously monitor the
photon spectrum. The present experimental apparatus can be
used without major modifications, the only exception being
the CW target, its support structure and the area surrounding
the interaction vertex. A redesign of this region is necessary
because the present Li; B4O7 target is too thick, and there is
too much material in the surroundings, reducing the tracking
capabilities because of the multiple scattering and the e*e™
energy loss. Moreover, the magnetic field has to be reduced
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a factor 0.15 (optimized with Monte Carlo simulations), to
take into account the lower e™e¢™ momentum with respect to
the MEGII signal positrons.

2.2.2 The MEGII apparatus

A schematic view of the MEGII apparatus is shown in Fig. 7.

In MEGII, an intense beam of surface (positive) muons
with a momentum of 29 MeV /c is stopped in a thin slanted
polyethylene target (thickness 140 pwmj; angle 15 deg),
located at the center of the detector system. Photons and
positrons from the decay of the stopped muons are mea-
sured by the liquid xenon photon detector (LXe) and the
positron spectrometer consisting of a superconducting mag-
net, a cylindrical drift chamber (CDCH), and two sets of pixe-
lated timing counter (pTC), respectively. A detector identify-
ing background photons is installed on the beam axis (RDC).

The LXe calorimeter is a “C-shaped” detector made of
~ 900 L of liquid xenon where the photosensors, both
photomultipliers and silicon-photomultipliers, are directly
immersed. The photosensors have been developed in collab-
oration with Hamamatsu to work in the VUV region where
the xenon scintillation light is emitted (= 175 + 5 nm) and at
a temperature of 165 K. The upgrade of the LXe calorimeter
involves a denser allocation of photo-detectors on the front
face, replacing the current PMTs (Hamamatsu R9869) 2 inch
diameter with smaller SiPM (MPPC Hamamatsu VUV sen-
sitive) 12 x 12 mm?.

The new spectrometer has been designed to maintain all
the benefits of the former one and to overcome previous limi-
tations. The main feature is the increased spectrometer gran-
ularity which allows to work at higher beam rate and provide
better resolutions for all the positron kinematical variables.
The positron trajectory is measured up to the point where
the positron reaches the new pTC tiles, with minimum pres-
ence of passive material and an increased number of hits
per track, both in the CDCH and in the pTC. These aspects
immediately have an impact on the detector acceptance and
efficiency, which is increased by more than a factor 2, on
the positron momentum and angular resolutions and on the
positron timing.

The new CDCH is a 1.91 m long cylinder with inner and
outer radii of 17 cm and 29 cm respectively filled with an
ultra-low gas mixture of helium and isobutane (C4Hjq) in
the ratio 90:10. The wires will follow a stereo configuration.
Each drift cell (with an approximately squared shape, with
a variable side size from 6.6 mm to 9.0 mm moving from
the inner towards the outermost layer) is made of a 20 p m
diameter gold plated W sense wire surrounded by 40 p m
diameter silver plated Al field wires in a ratio of 1:5. Two
guard wires layers (50 pwm diameter silver-plated Al) are
added at proper radii and voltages for gain equalising of the
innermost and outermost layers. The total number of wires

would be more than 13,000 for an equivalent radiation length
per track turn of about 1.6 x 1073 X,.

The new pTC is made by a large number of small ultra-fast
scintillator plates coupled with SiPM, with improved timing
resolution and acceptance. The pTC is made by two sections
(Upstream and Downstream) each one made of 256 plates
of BC422 of different size (120 x 40(50) x 5 mm?>) readout
by SiPM (AdvanSiD ASD-NUM3S-P-50-High-Gain). The
high TC segmentation allows to reach a better timing reso-
lution due to multi-hits events (typically one event would be
characterised by about 10 hits), a reduced ambiguity in the
positron path length and less scintillation light propagation
effects. The use of SiPM overcomes the limited performances
of the PMT in magnetic fields, together with a lower transit
time spread and higher quantum efficiency.

New auxiliary detectors are added with respect to the MEG
experiment. The RDC enables to increase the capability of
rejecting the accidental background by tagging low energy
positrons associated with the high energy photons in the sig-
nal region and sampling beam monitoring detectors (SciFi
and MatriX), based on scintillating fibres and small plastic
scintillators coupled to SiPM respectively, to measure both
beam profile and rates when needed.

Finally, the MEG II Trigger and Data Acquisition system
(TDAQ), called WaveDAQ, had to be completely redesigned
to cope with the increased segmentation of the detectors and
the higher muon rate. At its heart, it still uses the same DRS4
chip for full-waveform digitization with sampling frequen-
cies above the GHz; in addition, the new WaveDREAM board
also contains the amplification and biasing circuit needed to
connect the SiPMs sensors used in the upgrade. The inte-
grated FPGA-based Trigger allows the combination of the
information from all the boards in the system to perform the
high background rejection needed for the u™ — e™y search.

A large number of calibration and monitoring meth-
ods have been introduced and commissioned for the MEG
experiment and are inherited into MEGII with some mod-
ifications accordingly with the increased complexity of the
upgraded experiment. They allow to know in depth the detec-
tor behaviour, crucial for building the probability density
functions of the observables used to identify a signal event.
Furthermore they ensure that the beam characteristics and the
detector performances are reached and maintained over the
time. Among these, a devoted 1 MeV CW accelerator which
allows to calibrate the LXe with photons produced in nuclear
reactions, that will be described in the following section and
will be used for the X17 search.

The MEGII detector design and performances obtained in
engineering runs are described in [9].
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Fig. 7 MEGII experimental
setup layout (3D view). An
example of a u™ — ety decay
event is shown

COBRA

Radiative decay counter
(RDC)

2.2.3 The CW accelerator

The CW accelerator [71] is used for the frequent MEGII
calibrations needed to reach good detector resolutions on the
photon observables. The proton beam can reach an energy up
to £, = 1.1 MeV and a current up to 100 LA, and is brought
to the center of the experiment by a special bellows inser-
tion system. The accelerator is placed in the DownStream
(DS) side of the apparatus, thus the proton beam travels in
an opposite direction with respect to the u beam. The target
used for LXe calibrations is made of Li,B40O7, so that the
impinging protons can produce two reactions: 'Li(p, y)®*Be
or ''B(p, yy)!>C* . The first reaction is used to produce
one 17.6 MeV photon at £, = 441 keV, needed for energy
calibration, and the second reaction is used to produce two
coincident 11.67 MeV and 4.4 MeV photons for energy and
time calibration.

A controlled beam pipe insertion system is used to insert
the target used to produce the calibration reactions. The sys-
tem is automated, and brings the target at the center of the
magnetic spectrometer.

An additional rubber bellows insertion system with a
larger diameter is needed to allow the insertion of the beam
pipe with the target. It is connected to the DS endcap of the
apparatus and is coupled to the CW bellows system so that
they can be simultaneously moved inside the CDCH volume.
During the calibration both bellows are fully extended inside
the detector, and they are retracted during MEGII muon
beam data taking. The outermost bellows, though retracted,
remains inside the detector, while the beam pipe goes com-
pletely outside the endcap. Albeit the accelerator is designed
toreach 1 MeV proton energy, it has been successfully tested
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uptoal.l MeV energy. It was also possible to reach high cur-
rents at the same time. It was in fact successfully tested to run
at50 pAat £, = 1.1 MeV and 100 pA at £, = 1.05 MeV.
These specifications fulfill the requirements for the X 17 mea-
surement, most importantly the proton energy, that allows to
populate the 18.15 MeV 3Be excited state.

2.2.4 The target region

This setup used in MEGII is not directly suitable for the X17
search, because of the excessive quantity of material in the
target region, which would deteriorate the measurement of
the e*e™ pair. The Li; B4O7 target is too thick, and need to be
substituted with a thinner target; LiO,, LiPON, LiF targets
are under test. The optimal thickness of the lithium com-
pound layer is of the order of 5-10 wm. We studied different
possibilities and found that the best option is to remove com-
pletely the bellow system and substitute it with a new vacuum
chamber directly attached to the CW beamline, in order to
keep the e™ e~ tracks in vacuum as much as possible. The
target is supported by an arm connected to the CW beam-
line. The target substrate, the arm and the connections are
built is copper in order to guarantee an optimal heat trans-
port while keeping a reasonable material budget. The target
and the supporting arm are placed inside the vacuum cham-
ber, which should be as thin as possible. Several laboratory
tests have been performed and a 400 pm carbon fiber (CF)
chamber has been finally selected for the first test with the
MEGII apparatus. Figure 8 shows a drawing of the vacuum
chamber with the target support and arm inside.

The mechanical stability, heat dissipation, resolution and
efficiency have been studied with ANSYS and GEANTA4 [72]
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Fig. 8 Drawing of the vacuum chamber with the target support and
arms

simulations that allowed to optimize thickness, material, tar-
get inclination, etc. The best material is epoxy fiber for the
vacuum chamber, steel for the beam pipe and aluminum for
the adapter. Copper (10 and 25 pm depending of the target)
has been chosen as the final material to form the substrate, in
comparison with aluminum. The optimal slant target angle
is 45 deg.

2.2.5 Resolution and efficiency

Geant4 simulations have been used to evaluate the ete™
invariant mass resolution and efficiency in the final config-
uration of the target region. In the generation, the X17 is
produced at a depth in the target taking into account the pro-
ton energy loss and the energy dependent cross section. The
X17 decays into a eTe™ isotropically. The MEGII detec-
tor with the modified target region is fully simulated while
the events are reconstructed under the ideal assumption that a
track finding algorithm will be able to associate all the recon-
structed hits to the corresponding track, which is then fitted
with a Kalman filter. With this procedure, although the track
finding efficiency is assumed to be 100%, the hit reconstruc-
tion efficiency, fit efficiency and single hit resolutions are
correctly taken into account. An event selection is applied to
the analysis to exclude events that are not related to the X17
decay. First of all, the accepted events have to include both
a positron and an electron; then, a X2 cut is applied to the
momentum and angle distributions, so that only the recon-
structed particles with characteristics similar to the MC truth
are considered; finally, a vertex constraint is applied, so that
the two tracks are forced to cross the target plane in the same
point. The combined application of these energy and ver-
tex cuts reduces the tail of the invariant mass distribution,
that can be well fitted by a double Gaussian. The resolution

quoted here is the core width of the distribution. The reso-
lution o and efficiency ¢ obtained for the final configuration
are 0 ~ 504 keV and ¢ of few %, including the request of a
pTC hit, which is needed for triggering purposes.

2.2.6 Background estimate

A deep understanding of all the background sources is cru-
cial in this measurement. A comprehensive and reliable the-
oretical model, in fact, can validate the hypothesis that the
anomaly is generated by a new physics signal and not by
the combination of the background sources. The dominant
background will come from the IPC process. The BR for the
production of a real photon, BR(SBe* —8 Bey), is about
1.5 x 107, and a further factor of about 3.19 x 1073 is paid
for the IPC production. It means that the IPC rate is at least a
factor ~ 500 above the X17 — e™e™ production rate extrap-
olated by the ATOMKI result. The e™e™ conversion of a real
photon in the target or in the surrounding material (external
pair conversion, EPC) has found to be negligible using sim-
ulations in the X17 invariant mass region, while background
from cosmic rays is strongly suppressed by using an opti-
mized trigger configuration including both pTC and CDCH.

The IPC background is calculated generating photons in
the target with an energy distributed according to the Zhang—
Miller model [27], taking into account the energy loss of the
proton in the target. This model provides a description both
for the photon production and the e™e™ pair cross sections.
In this way it is possible to predict the rate of the IPC back-
ground.

2.2.7 Significance and DAQ time

Knowing the reaction rates, the resolution and the efficiency
of the X17 measurement, it is possible to estimate the signifi-
cance and thus the DAQ time needed to achieve a satisfactory
result.

Figure 9 shows the invariant mass distribution for both
signal and IPC background in a range around the expected
signal region. Here the signal region is considered as & 30
with 1 and o parameters of the core of the double Gaussian fit
to the invariant mass distribution of signal events. Based on
the branching ratio of the different reactions and the detection
efficiency it is possible to extrapolate the expected number
of signal and background events. The distribution shown in

the figure corresponds to an excess that has a significance of
Nsig

/Nsig+Nipc’

Combining this information with the real experimental con-
ditions, defined also by the CW beam intensity, the selected
target, the TDAQ operational conditions is possible to esti-
mate a data taking of several weeks for addressing such a
significance.

s = 5 where the significance is defined as s =
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Fig. 9 Invariant mass distribution of signal and IPC background from
simulations. The “sum” distribution is also reported

2.2.8 Conclusion

The MEGII experiment has a unique opportunity to con-
firm or disprove the anomaly observed by ATOMKI in the
"Li(p, e*e™)®Be reactions exploiting the CW accelerator
used routinely in the calorimeter calibrations. Feasibility
studies, performed with a complete detector simulation and
including realistic background models, suggest that So sen-
sitivity can be addressed. First tests performed during 2021
showed promising results. The measurement is foreseen at
the end of 2022.

2.3 Measurements of internal pair creation with a time
projection chamber-based setup

Hugo Natal da Luz

Institute of Experimental and Applied Physics-Czech Tech-
nical University in Prague, Husova 5, Prague 1, Czech
Republic

Abstract Theoretical prediction for distribution of the angle
between electrons and positrons originating in internal pair
creation is a monotonic featureless decrease with the opening
angle. Studies on excited states of $Be and “He nuclei made
in ATOMKI, Hungary, however, revealed deviations from
this expectation. If confirmed by an independent laboratory,
such a result may have a fundamental impact: the anomaly
could be explained by introducing a new short-lived neu-
tral boson still fitting in known experimental and theoretical
constraints. We describe an experimental setup — based on a
time projection chamber (TPC) equipped with magnetic field
to measure energy, supplemented by multiwire proportional
counters (MWPC) and Timepix3 (TPX3) pixel detectors to
improve angular resolution — intended to redo the original
nuclear experiment.

@ Springer

2.3.1 Introduction

In 2016 Krasznahorkay et al. observed an anomaly in the
angular distribution of the e*e™-pair members originating
in the decay of the 18.15-MeV 11 8Be nuclear level [1]. Sig-
nal enhancement at folding angles close to 140° was mea-
sured and interpreted as a signature of an additional decay
channel via a new neutral boson X with mass of around
myx = 17 MeV that is emitted on-shell from the excited
nucleus and subsequently decays to the registered e Te™ pair.
The same group later reported a similar effect also in the
decay of the 17.64-MeV 1T excited 8Be state [64] (at present,
however, this result is questioned by the original authors
themselves, and is thought not to hold after all), and more
recently in the decay of the 21.01-MeV 0~ state of “He [6].

The anomaly and its possible interpretation triggered
interest in the scientific community. While many theoreti-
cal aspects have been discussed, an independent experimen-
tal confirmation of the effect is missing, no sign of the X17
particle has been observed in other studies (which generally
probed elementary-particle rather than nuclear physics).

In an attempt to contribute to the understanding of the
anomaly, the Institute of Experimental and Applied Physics
at the Czech Technical University in Prague is building a
spectrometer with the aim to essentially repeat the original
ATOMKI experiment, ie, to check the existence of the effect
within the nuclear reaction induced by protons impinging on
either "Li or 3H target. Our spectrometer is based on three
layers of detectors. The innermost (closest to the target) layer
is composed of Timepix3 (TPX3) silicon pixel detectors,
the middle layer consists of multiwire proportional coun-
ters (MWPC), and finally time projection chambers (TPC)
equipped with magnetic field follow in the outermost layer.
The first two layers are to provide necessary angular reso-
lution, the TPCs then to measure particle energies. Below
we consider various aspects of the intended measurements,
show preliminary tests of the detectors as well as include
some discussion about their advantages and limitations.

2.3.2 General concept

Ourintention is to measure the e*e ™ pairs emerging from res-
onances of the same nuclear reactions as used in the ATOMKI
experiments [1,6,64]. Namely, these are the 7Li(p, ete” )SBe
and 3H(p, ete™)*He reactions. In the former case, the two
excited states of $Be, at 17.64 MeV (Be’*)and at 18.15 MeV
(Be*), are produced by protons accelerated to kinetic energy
of 441 keV and 1.03 MeV, respectively. In the latter case, the
low-energy tail of the broad (I" ~ 0.84 MeV) 21.01-MeV
second excited level of “He is to be excited with about 900-
keV protons (these excite the nucleus to about 20.5 MeV;
the tail is used to stay below the neutron-production thresh-
old at 1.02 MeV of kinetic energy of protons). While these
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reactions are shared with the ATOMKI measurements, the
detection methods differ.

In our experiment a target is positioned in an evacuated
beamline where it is hit by protons from an accelerator. The
electrons (positrons) emerge with energies E_ (E4 ) ranging
from the rest mass (zero kinetic energy) up to the available
energy in the reaction E,, while always summing to the latter,
Ei+E_=E,.

The anomaly essentially arises from pairs with not much
different energies of their members [1] and the ‘disparity’ cut
—0.5 <y = (E- — E})/E, < 0.5 was imposed. Equiv-
alently, the interesting events should rarely have a particle
with energy less than E, /4, roughly 4 MeV, and the detec-
tor should be capable of following particles at least down
to such an energy. However, as follows from analytic esti-
mates (see [73], sec. 3.8, and Fig. 3.33 therein in particular)
as well as from our simulations, even a thin layer of fairly
light material scatters electrons of thus low energies consid-
erably: a silicon layer of 500 um (i.e., 0.12 g/cm?) leads to
about 10° scattering® of (perpendicularly impinging) 4-MeV
electrons. Consequently, between the target and the detector
measuring the direction of created particles there should be
as little material as possible, and, if unavoidable, be as close
to the direction-detector as possible and as far as possible
from the target. Requiring reasonable solid-angle coverage
(while keeping the number and size of detectors limited) on
the other hand generally favours compactness, and a com-
promise must be made.

Timepix3 [74] detectors have a granularity and size com-
patible with the experiment’s requirements. Six of these
devices will form the first detector layer surrounding the tar-
get, still within the vacuum beamline, and provide the needed
information about particles direction, see Fig. 10.

After the TPX3-detector ring, particles leave the beamline.
The ATOMKI group used a 1 mm-thick carbon (to reduce
scattering) beamline segment [2]. We contemplate doing the
same, using a thinned aluminium segment, or a segment with
(possibly reinforced) Kapton™ windows introducing parti-
cles to further detector parts.

Just outside the beamline there is a second layer of detec-
tors composed of MWPCs to record one more point in the
trajectory of the particles, helping to estimate the magnitude
of the scattering in the TPX3 ring and yielding updated direc-
tional information. The MWPCs also provide signal useful
for triggering purposes and coincidence considerations.

Finally, particles enter gaseous TPCs constituting the
third, outermost, layer of detectors. The TPCs are equipped
with magnetic field and allow determination of particle
momentum (energy) and charge sign from the trajectory
bending radius inferred from the ionization track. At the same

3 Root-mean-square-angle.

Vacuum tube

Drift cathode

\ Target

L/

Drifting
electrons™ ——

A"/C 2

Timepix 3
Readout plane

H* beam

Fig. 10 A schematic view of the planned experiment where two out of
six sectors are shown and the three layers of detectors are visible. See
the text for details

time, some degree of particle identification is possible from
particle energy loss per unit distance.

Combining the information provided by the three layers
of detectors, running synchronously, should lead to neces-
sary background suppression as well as sufficient energy and
angular resolution. We expect to reach energy resolution of
7% and angular resolution of about 3°.

2.3.3 The Timepix3 (TPX3) detectors

TPX3 is a pixel-detector ASIC read-out chip developed
within the Medipix collaboration, CERN [74]. The chip
bump-bonded to a suitable sensor may be viewed as a square
matrix of 256 x 256 independent detectors (i.e., pixels), each
of 55pum x 55 pum size, hence with a total active area of
14 x 14 mm?. In the so-called data-driven mode each pixel
measures both the time-of-arrival (ToA) and the time-over-
threshold (ToT) of each detected signal, where ToA has a
1.6-ns precision and ToT reflects the energy deposited in the
pixel.

The TPX3 performance for our experiment has been stud-
ied at the Van de Graaff facility of IEAP using a simple
triangular TPX3 setup surrounding a lithium fluoride (LiF)
or cerium trifluoride (CeF3) target inside a vacuum cham-
ber; see Fig. 11, where a photo of the setup and the CAD
schematics are shown on the top. Targets evaporated onto 12-
pmaluminium foils with thicknesses of tens of nanometers
have been used. The fluorine inside the compounds serves as
an ete™ ‘factory’ through the resonant '°F(p, ete™ )0
reaction at proton energy of 843 keV, providing numerous
electron and positron tracks in a short amount of time (the
total energy of a particle pair is 6.05 MeV here). The hit-maps
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bl

Fig. 11 Top: A triangle of TPX3 detectors surrounding a target, used
to test performance of the detectors. Middle: Tracks detected in each of
the three TPX3 detectors. Bottom: Reconstruction of the reaction vertex

in the middle row of Fig. 11 show accumulated electron and
positron tracks recorded by three silicon TPX3 detectors with
thickness of 500 wm. The vertical and horizontal shadows
in the figure are shadows of the aluminium foil and of the
stainless steel needles holding it, respectively. By consider-
ing coincidence tracks, the reaction vertex can be determined,
as the bottom row in Fig. 11 shows. The position of the tar-
get can be (statistically) estimated with accuracy better than
1 mm. We note that there is a 60-pwm-thick aluminium foil
inserted between the target and the TPX3 detectors to shield
off elastically scattered protons and alpha particles that get
created in the reaction.

In the full experimental setup of Fig. 10, an array of six
(instead of three) TPX3 detectors surrounds the target inside
the beam pipe, see Fig. 12, top. In order to accommodate all
the six detectors in such a small volume, the chipboards have
been redesigned to become longer and narrower, Fig. 12, bot-
tom. A new data-acquisition motherboard provides common
clock to all six detectors. The TPX3 detectors are farther from
the target than in the triangle pilot setup, improving the reso-
lution of the vertex reconstruction at the cost of diminishing
the solid-angle coverage (an ideal triangle covers 81%, an
ideal hexagon 48% of the full sphere).

@ Springer
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Fig. 12 Top: A hexagonal array of TPX3 detectors surrounding a tar-
get. Bottom: CAD of the planned assembly to be inserted in a beam
pipe with an outer diameter of 60 mm

The optimal thickness of the TPX3 sensor is still debated.
A thicker sensor can potentially allow 3D tracking within
its volume [75,76], but at the same time introduces more
scattering and leads to creation of more Compton electrons.
Our preliminary attempts to do the 3D tracking with 500-
pmSi sensors have not been too successful so far (due to
excessive scattering resulting in too-curly tracks). But as we
only used fairly low-energy pairs from deexcitation of the
first excited oxygen level (individual particles have kinetic
energy of about 2.5 MeV), the situation in the real experiment
should be significantly more favourable.

‘We note that the default thickness of the ASIC, 0.8 mm,
can be reduced to 0.2 mm in order to cut down the back-
ground. If we ever find out that the 3D tracking is not a viable
option, a Si sensor of comparable thickness to the ASIC then
seems optimal. The removal of the usual PCB from behind
the sensor/ASIC assembly will reduce the background fur-
ther.

2.3.4 The multiwire proportional counters (MWPC)

Six multiwire proportional counters (MWPC) [77] will be
placed outside the beam pipe, each with an active area of
40 x 38 mm?. These detectors will provide one more point
in the trajectory of the produced particles. Together with the
information coming form the TPX3 detectors, this second
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Fig. 13 The edge spread function as was obtained from X-rays striking
aMWPC

point can help better estimate the reaction vertex and the
particle entry point to the TPC. The MWPC consists of three
wire planes separated by 2 mm: one central plane with anode
wires and two cathode planes rotated by 90° with respect to
each other. There are 19 25-pumwires in each plane, with a
pitch of 2 mm. The 2D position of the interaction point is
encoded in the time difference between the signals at each
end of a delay line interconnecting the cathode wires. Only
4 electronic channels per detector are used, simplifying the
data acquisition.

The edge spread function of the detector obtained by
imaging a sharp edge with an X-ray source is depicted in
Fig. 13, showing that the resolution of these detectors is about
500 pm.

2.3.5 The time projection chambers (TPC)

Time projection chambers [78] provide 3D track recon-
struction and subsequent momentum and particle identifi-
cation from ionization tracks left in the gas under magnetic
field. TPC fits most of the requirements of this experiment:
measurement of particle’s energy with minimal interaction
(avoiding radiative losses), background suppression (from
the topology of the events) and particle identification.

Six TPCs form the outermost detector layer of our setup.
The field cage has 150 mm depth, matching the expected
bending radius of 8-MeV electrons in the field of 0.3 T.
The readout plane is composed of triple gas electron mul-
tiplier (GEM) stacks [79], a type of micropattern gaseous
detector (MPGD) [80] with good energy and position resolu-
tion [81,82], a good dynamic range and stability against dis-
charges [83,84] and the possibility of building very large area
detectors, such as ALICE and CMS [85,86], at the CERN
LHC.

The data-acquisition (DAQ) requirements demand a sys-
tem with a number of channels of the order of 1000, that can
operate continuously without significant dead time. CERN’s

Fig. 14 Top: The 2D, 10 x 10 cm? triple GEM prototype with a simple
imaging mask. Bottom: The TPC prototype with a SAMPA frontend

scaleable readout system (SRS) [87] has been implemented
in a 10 x 10 cm? 2D GEM detector prototype, using the
APV25 ASIC, developed for the CMS tracker. We achieved
position resolution of 350 wm, similar to those reported by
other groups [88,89].

Among the most recent developments of the SRS is its
integration with the SAMPA ASIC, originally designed for
CERN’s ALICE experiment [90]. This chip is suited for the
operation with TPCs, providing waveforms up to 100 s long
at a sampling rate of 10MS/s. Our group collaborates with
the University of Sao Paulo on the task. Figure 14 shows
our 2D prototype on the left, the inset depicting an X-ray
transmission image of a simple mask, and its upgrade to a
TPC on the right, where the board with four SAMPA chips
can be seen attached to the readout.

Simulations of the TPC performance under different mag-
netic field configurations are ongoing to estimate the limita-
tions of this detector in the particles’ energy determination.
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2.3.6 Conclusion

A spectrometric system integrating TPX3, MWPC and TPC
detectors is under construction for measurement of angular
correlations in internal pair creation in the excited states of
8Be and *He nuclei.

An array of TPX3 detectors inside a vacuum tube, will
provide six different projections of the target’s position in
addition to eTe™ tracks originated from that target or from
the reported X17 neutral boson. These detectors, operating
together with the MWPC, will provide enough information to
improve the angular resolution and to estimate the scattering
that the particles experience, allowing for small corrections in
energy. The TPC detectors, which will be used to measure the
energy by means of a magnetic field, provide a good energy
resolution due to the smaller radiative energy loss, compared
to the solid state calorimeters. We are also participating on
the final integration of a new frontend ASIC, designed for
operation with TPC (SAMPA). The first set of measurements
using our TPC-based spectrometer setup with a ’Li target is
foreseen to take place during the year 2023.
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2.4 The search for “He anomaly at n_TOF experiment

Carlo Gustavino
INFN-Rome

Abstract A new approach to clarify the present X17 scenario
is discussed, by searching for the X17 boson in the decay of
excited A = 3, 4 (Tritium, helium-3, helium-4) nuclei. The
study of the 3He(n, eTe~)*He and *H(p, e*e~)*He reaction
in a wide energy window would probe the X17 existence.
If the anomaly is confirmed, these reaction can provide the
determination of the relevant characteristics of the X17 boson
such as its mass and quantum numbers, as suggested by
a recent ab-initio calculations in which the existence of a
17 MeV boson is considered. If the existence of the X17
boson is confirmed, the analysis of the >H (n, ete™)> H and
2H(p, eTe™)3He cross section ratio offers a unique oppor-
tunity to study the purported protophobic nature of the fifth
force mediated by the X17 particle. In this paper is also dis-
cussed the performance of an experimental setup, that should
have a large acceptance and an adequate capability of mea-
suring the four-momenta of ejectiles as well the capability to
reject beam induced backgrounds.
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Fig. 15 The low-energy spectrum of *He. The dashed lines indicate the
thresholds for the opening of the 1 + 3 channels, while the solid lines
indicate the energy levels of the first resonances with corresponding
widths, J7, and isospin assignments to the right. Also indicated is the
highest energy of the ATOMKI measurements, performed just below
the threshold for the 3 He(n, p)3 H reaction opening. See [67] for more
details

2.4.1 Introduction

Two significant anomalies have been observed in the emis-
sion of electron-positron pairs in the 'Li(p, eTe™)3Be and
3H(p, ete™)*He reactions [1,53]. These anomalies have
been interpreted as the signature of the existence of a boson
(hereafter referred to as X17) of mass Mx17 = 16.8 MeV that
could be a mediator of a fifth force, characterized by a strong
suppression of the coupling to protons compared to neutrons
(protophobic force) [8]. Beyond the importance of such a dis-
covery — if confirmed — this scenario could explain, at least
partially, the long-standing (recent) anomaly on the muon
(electron) magnetic moment (see [91] and reference therein).
More in general, the possible existence of a new particle is of
paramount importance in particle physics and in cosmology
(dark matter). Therefore, the ATOMKI claim clearly calls
for new experimental studies. Our proposal is to carry on a
new study of the 3H(p, ete™)*He process already studied
at ATOMKI, accomplished with the study of the conjugated
3He(n, e*e™)*He process exploiting the neutron beam of the
n_TOF facility at CERN [12]. This approach has relevant
advantages:
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Fig. 16 Cross section for the >He(n, et e~ )*He and *H(p, ete~)*He
processes at six different incident nucleon energies as function of the
angle 6,+,- between them. It is considered a configuration similar to
the ATOMKI experiment one, in which the et and e~ momenta are in
the plane orthogonal to the beam axis. The panels labeled S, P, V, and A
show the results obtained by including the exchange of a scalar, pseu-
doscalar, vector, and axial X17, respectively. In all cases, it is assumed
My =17 MeV/cz. The dashed (black) and solid (red) curves show
the results obtained by including the electromagnetic only or both the
electromagnetic and X17 amplitudes. The coupling constants have been
adjusted so as to reproduce the ATOMKI *H(p, ete~)*He cross sec-
tion data at the incident proton energy of 0.90 MeV. See [67] for more
details

(1) the X17 existence is investigated for the first time by a
neutron induced reactions;

(ii)) The X17 boson study will be carried out in a wide energy
range to extract the X17 quantum numbers [92];

(iii) the *He de-excitation data can be compared with recent
ab-initio calculations, both for the standard internal pair
conversion (IPC) of virtual photons and for the X17 chan-
nel [67].

In case of a clear appearance of X17 boson, it looks rather
promising the experimental study of the >H(p, e*e ™) He and
ZH(n, e*e™)>H processes. In fact, the isospin-specular >He
and 3H nuclei would have a very different probability to pro-
duce the X17 boson, provided that it is confirmed to be the
mediator of a protophobic fifth force, as suggested in [8].

2.4.2 The 3He(n,ete™ )*He and 3H(p,e* e )*He reactions

As already mentioned above, the experimental study of the
3H(p, e*e™)*He reaction performed by the ATOMKI group
seems to indicate the existence of a boson with a mass of
17 MeV/c2. However, the reported data are limited to few
proton-beam energies and only leptons emitted in the plane
orthogonal to the beam line were detected. As suggested in
[67] (see also Figs. 16 and 17) a measurement covering a
wide energy range of the *He excited nucleus would enable
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Fig. 17 The cross section for the *H(p,ete~)*He process at 0.90 MeV
incident proton energy for several configurations in which the e™ and
e~ momenta are emitted at angles & = 6 with respect to the incident
proton momentum, and as function of the difference A¢ = ¢’ — ¢. The
curves labeled S, P, V, and A show the results obtained by including the
exchange of a scalar, pseudoscalar, vector, and axial X17, respectively.
In all cases, it is assumed Myj7 = 17 MeV. The coupling constants
have been adjusted so as to reproduce the ATOMKI *H(p, ete~)*He
cross section data at the incident proton energy of 0.90 MeV and in
which 6§ = 6’ = 90°. See [67] for more details

the study the 0%, 07, 27, 1~ levels (see Fig. 15). In this
way it is possible to either confirm or exclude the exis-
tence of the X17 and ultimately study its properties. Con-
cerning the H(p, eTe™)*He reaction, a promising facility
is the LUNA-MYV accelerator that will soon be operative at
the underground Gran Sasso Laboratory (LNGS). At LNGS
the cosmic ray induced background is many orders of mag-
nitude lower than at overground facilities, and the proton
beam intensity is a hundred time higher than the one used
at the ATOMKI facility. Thus, LUNA-MV is well suited to
perform accurate measurements in a relatively short time by
using protons with energy up to 1.02 MeV, i.e. before the
onset of the 3H(p,n)4He channel (see Fig. 15). The study
at higher excitation energy of “He can be performed at the
CERN n_TOF facility, through the 3He(n, e+e_)4He reac-
tion. This facility provides a pulsed neutron beam in a wide
energy range (E, = 1 — 108 eV) in which the energy of
each interacting neutrons can be accurately derived with the
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Time-of-Flight (TOF) technique [12]. Although the excess of
pair-production events as a function of the energy depends on
the X17 quantum numbers (i.e., on the nature of its coupling
to electrons and nucleons), an experimental setup similar to
the ATOMKI one, in which only particles orthogonal to the
beam axis are detected, might be hindering our ability to
discriminate among different quantum numbers, and hence
uniquely identify the X17 properties. This limitation can be
appreciated by inspecting Fig. 16, where the predicted trend
of the excess is found to be similar for the pseudoscalar and
axial cases. However, as shown in Fig. 17, the use of a detec-
tor with a large angular acceptance would make it possible to
discriminate among different options since the angular dis-
tribution of the emitted pair depends appreciably on the X17
quantum numbers.

2.4.3 Conceptual detector setup

As stated above, the main requirements for the detector are
the following:

(i) large acceptance, i.e. the detector should have almost a
4w coverage around the target. Besides statistics, this
condition is highly desirable to measure the J”* of the
X17 boson.

(ii) good tracking capability, in order to identify direction and
vertex of e e pairs due to IPC (irreducible background)
and by the X17 decay (signal);

(iii) good energy resolution to measure the energy of ejectiles;

(iv) good particle identification, to reject beam induced back-
grounds and to establish the nature of X17 ejectiles (in
the ATOMKI experiment the ejectiles are only deduced
to be electron positron pairs).

Figure 18 shows the conceptual setup for the study of the
3He(n, eTe™)*He and the *H(p, e*e~)*He reactions. It con-
sists of two large radial TPC with the electric field orthogonal
to the beam axis. the external read out planes are based on the
use of Micro Pattern Gas Detector and equipped with orthog-
onal readout strips. Consequently, the two TPC provide the
3D reconstruction of crossing particles and contribute to the
particle identification by measuring the energy loss in the gas.
Two prototype detectors equipped with uRwell, with an area
of 30 x 30 cm? and with a 2 cm drift gap have been realized.
The energy of particle is provided by external scintillating
planes properly segmented and readout by SiPM. Presently
is under study the use of planes 10 cm thick and with an area
of 40 x 40 cm? based on the use of EJ-200 plastic scintil-
lator bars. A test to evaluate the beam induced background
in the described sub-detector is foreseen in June 2022 at the
EAR2 area of n_TOF [92]. The test also foresees targets of
3He at high pressure (~ 300 bar) encapsulated in a carbon
fibre envelope 600 pm thick. A preliminary study of a Ring
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Fig. 18 Sketch of the experimental setup

Imaging Cherenkov detector surrounding the target is also
scheduled. the possible use of this detector is finalised to flag
the ejectile pairs.

2.4.4 Conclusion

In this contribution the activity of a working group aimed
at exploiting the n_TOF facility to probe the existence
and possibly the properties of the X17 boson is briefly
reported. Presently the study is focused in “few nucleons”
reactions, namely *He(n, ete™)*He, *H(p, ete™)*He and
successively 2H(n,e*e™)’H and 2H(p, e*e™)’He. How-
ever, the X17 activity can be extended also to other reac-
tions by using the same dedicated detector, such as the
"Li(p, ete™)®Be, already studied by the ATOMKI group,
and the "Be(n, ete)®Be. The last one take advantage of the
existing know-how to realize "Be targets [93].
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Abstract The ATOMKI results and the related interpreta-
tions triggered a renewed interest in the spectroscopy of light
ions by Internal Pair Creation. To this purpose, and to bet-
ter characterize the X17 anomaly, a new experimental setup
is being developed. The first goal is to provide an indepen-
dent replica of the Hungarian experiment exploiting the low
energy proton beams available at the INFN Legnaro National
Laboratories.

We present the current design for the construction of a
new dedicated device, meant to improve the angular reso-
lution and to reduce the material budget. The spectrometer
should be able to detect electron—positron pairs sharing up to
20 MeV Kkinetic energy, with an angular resolution smaller
than 1 degree. The detectors will be hosted in the same vac-
uum chamber where the nuclear reaction takes place.

The simulations done to optimize the design of the setup
and estimate the expected performances are summarized,
together with the first experimental tests on the detector pro-
totypes.

2.5.1 Introduction

The recent ATOMKI results on the Internal Pair Cre-
ation (IPC) anomalies from low energy nuclear transitions
[1,65,94] call for an independent confirmation of the exper-
imental observations, together with the development of ded-
icated models for the signal interpretation. Experimentally,
the observed signature of the X17 particle is a very character-
istic angular correlation of the e™e™ pairs emitted from the
decay of excited Be and “He states. The angular correla-
tion between the e™ and e~ emitted by internal pair creation
depends on the multipolarity of the transition and is expected
to drop rapidly with the separation angle 6,+ .- for the consid-
ered cases [2]. In striking contrast, the measured angular cor-
relations show peaks at large angles that are compatible with
the emission of a short-lived (t < 10713 s) neutral particle
decaying into the eTe™ pair. This contribution focuses on the
8Be case [1,65], where the p+7Li reactionatthe E, = 0.441,
and 1.03 MeV resonances have been used to selectively pop-
ulate the 17.6, and the 18.15 MeV 17 states. In the Hungarian
facility, the pairs are detected by five plastic AE-E detector
telescopes similar to those built by Stiebing and co-workers
[52]. In particular, large telescope detectors in combination
with position sensitive detectors were used to match position
resolution and coincidence detection efficiency [2]. Plastic
AE scintillators of 38 x 45 x 1 mm? and the E detectors

of 78 x 60 x 70 mm> were placed perpendicularly to the
beam direction at azimuthal angles of 0°, 60°, 120°, 180°,
and 270°. The positions of the hits were initially determined
by using multi-wire proportional counters (MWPC) placed
in front of the plastic telescopes [2]. In a second optimized
version of the experimental setup, these were replaced by
segmented strip detectors [65].

In this contribution we discuss the design and prototyping
of anew setup for IPC spectroscopy at LNL, specifically opti-
mized to detect electron-positron pairs sharing up to 20 MeV
kinetic energy, matching the X17 case. The experiments will
be performed at the INFN Legnaro National Laboratories
(LNL), exploiting the low-energy proton beams provided by
the AN2000 and CN facilities.

2.5.2 New experimental setup at LNL

The building block of the setup is the plastic scintillator AE-E
telescope shown in Fig. 19 composed by three detector layers.
The E stage is constituted by a5 cm x 5 cm x 10 cm EJ200
scintillator [95] read by a Silicon PhotoMultiplier (SiPM).
The AE stage is formed by two sub-layers: each one is com-
posed by 10 EJ200 bars of dimensions 0.5 cmx0.2cmx 5 cm,
read by an array of 2 mm x 2 mm SiPMs. The SiPM signals
are read at the two extremes of the array through a resistive
partition chain exploiting the LG technology developed by
FBK [96]. This allows to limit the number of readout chan-
nels to 2 for each layer: the sum of the signals amplitudes at
the two extremes of the line gives the total energy deposited,
while the ratio between their difference and their sum makes
it possible to know which bar has been hit, thus allowing to
determine one coordinate of the entry position of the elec-
trons in the telescope. By placing the bars of the second layer
orthogonally with respect to the first one, a grid is obtained,
as shown in Fig. 20, allowing to know both coordinates of
the particle entry positions in the telescope.

The telescopes are organized in groups of 4 forming a
clover held by a plastic cage. As shown in Fig. 19, there are
no plastic interfaces between the calorimeters of the same
clover, making it equivalent to a unique 10 cm? calorimeter.

The clovers will be placed at 15 cm from the center of the
target, with the AE layer facing it. The target-detector dis-
tance has been chosen to optimize the compromise between
angular resolution and solid angle coverage given the fixed
pitch of the tracking layer bars (5 mm). The project plans
to produce and use a minimum set of five clovers, placed at
different angular positions in the plane containing the target
center and orthogonal to the beam direction z, as represented
in Fig. 21.
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Fig. 19 AE-E telescope prototype

Fig. 20 Complete AE of the telescope, composed by two layers of
orthogonal bars, read by 2 arrays of SiPMs

2.5.3 Spectrometer simulation

A Monte Carlo simulation of the overall setup has been
performed using the GEANT4 [97] simulation software, in
order to define the expected response to the pairs emitted
by the isovector magnetic dipole 17.6 MeV (J* = 1T,
T = 1) state — ground state J* = 0%, T = 0) and the
isoscalar magnetic dipole 18.15 MeV (J* = 11, T = 0)
state — ground state transitions in 8Be. The simulation
aimed at estimating the response to the y-ray background,
the deposited energy spectrum and resolution, and the detec-
tion efficiency. The presence of an experiment-like target is
taken into account by using a particle source of finite dimen-
sions (~ 1 mm x 1 mm x 0.0035 mm) placed at the expected
target-detector distance (Fig. 21).

@ Springer

Fig. 21 Simulated spectrometer with relative angular disposition
0°—60°—120°—180°—270°, similar to the setup used in the ATOMKI
experiment

2.5.4 Background suppression

The dominant background source is due to the y-rays emis-
sion from the populated resonances. Requiring a triple coinci-
dence in the three layers of the telescopes reduces this kind of
background. Indeed, few MeV y -rays interact with the detec-
tors mostly through Compton scattering and the simulation
shows that given the EJ200 stopping power, the y detection
efficiency in a single cloveris e, ~ 6- 10~°. This probability
further reduces requiring the detection of two particles (pair)
in two separate clovers.

Taking into account the estimated efficiencies and the
branching ratio between y and IPC emission, the expected
signal-over-noise ratio results to be of the order of 10.

2.5.5 Detection efficiency and resolution

In order to study the detection efficiency and resolution of
the detectors, electrons and positrons have been simulated
separately, emitting them in three different configurations:
pointing to the center of the front face of a telescope; point-
ing to the center of the front face of a clover; with an isotropic
distribution on the solid angle covered by a clover. The num-
ber of photons collected has been estimated starting from the
known light-yield of the EJ200 material (10k photons/MeV),
properly scaled down to consider light absorption effects
and quantum efficiency of the photosensors. Therefore, the
simulations were run using three different light yield val-
ues (30 phe/MeV, 60 phe/MeV and 100 phe/MeV). More-
over, a Poisson distribution of the number of photons was
used to take into account the light collection statistics. The
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Fig. 22 Energy resolution of a single clover measuring electrons enter-
ing perpendicular to the center of its front face, as a function of the
emission energy of the particles. The three data sets account for dif-
ferent light-yields: 30 phe/MeV (red stars), 60 phe/MeV (blue circles),
100 phe/MeV (black crosses)
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Fig. 23 Detection efficiency distribution as a function of the correla-
tion angle between e™ and e~ for detector placed at angles 0°, 60°,
120°, 180° and 270°

efficiency distributions have been obtained integrating the
measured energy peak within 3. Figure 22 shows the res-
olutions obtained simulating electrons emitted orthogonally
with respect to the clover face center varying the light-output
yield.

2.5.6 Efficiency as a function of the correlation angle

The efficiency distribution as a function of the correlation
angle between the leptons belonging to the same pair has been
estimated considering uncorrelated and isotropic electron
and positron emissions. Considering a detector arrangement
similar to the one reported in reference [2] (0°, 60°, 120°,
180° and 270°), the integrated detection efficiency results to
be €pairs ~ 1.18%, which is consistent with the purely geo-

metrical acceptance of the setup that is ehgx ~ 2.5%. The
shape of the angular distribution obtained in this configura-
tion (Fig. 23) is also compatible with the one obtained by
ATOMKT’s group with the same disposition [2].
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Fig. 24 Pseudo-peaks generated in the EJ200 spectrum by the projec-
tions, at fixed energies measured in the Nal(T1) detector, of the Compton
scattering events of 1173 MeV and the 1332 MeV y-rays

2.5.7 Detector prototype characterization

A characterization of the first detector prototypes and a com-
parison between the calculated and the experimental perfor-
mances are necessary to validate the simulation work and use
it for a detailed analysis of the systematic errors.

2.5.8 Calorimeter characterization

The first component of the setup that has been characterized
is the E layer calorimeter. The energy resolution has been
analyzed as a function of the area covered by the SiPM used
to read the calorimeter. The lack of mono-energetic electron
sources in the few MeV region requires the use of indirect
calibration methods. One possibility is to exploit low energy
electrons emitted by Compton scattering reactions induced
by low energy y-rays. Indeed, one can determine the electron
energy on an event by event basis by measuring the Compton
scattered y-ray energy in an external detector and applying
energy conservation laws. To this purpose, a ®*Co source has
been used, coupling the EJ200 calorimeter with an Nal detec-
tor, kept at a fixed relative angle. Intervals of electron energies
can be selected by gating on the ancillary y -ray detector spec-
trum. Figure 24 shows the output of such procedure, where
two pseudo-photopeaks are present, due to the two major
transition channels of °°Co (1173 MeV and 1332 MeV).
Several measurements using different SiPM dimensions have
been performed, with a reading area of 36 mm?, 72 mm? and
1 cm?, showing a clear improvement of resolution as a func-
tion of the covered area.

As shown in Fig. 25, gating on different electron energies
we observe a linear trend between the inverse of the square
resolution and the deposited energy. The measurement per-
formed using the SiPM with 1 cm? returns a light yield value
of Ly =237 & 5 phe/MeV.
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Fig. 25 Trend of the inverse of the square resolution obtained for sev-
eral pseudo-photopeaks in the EJ200 calorimeter as a function of the
electron energy. In this case, the EJ200 calorimeter is read out by a
1 cm x 1 cm SiPMs
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Fig. 26 Correlation spectrum obtained by the signals E, and E; mea-
sured using 9 scintillator bars coupled to 9 SiPMs

2.5.9 Tracking layer characterization

A characterization of the AE layer is also needed, especially
in view of the novel readout scheme implemented. As previ-
ously mentioned, the tracking stage is made of two orthogo-
nal segmented layers. Each layer is composed of an array of
10 bars, and is read from the two ends of a voltage divider.
Such chain distributes the signals produced by the single
SiPMs, attached to each bar, to the two ends of the array,
where the signal is amplified and read out. A coincidence
spectrum between the two sides signals is shown in Fig. 26.
In order to estimate the resolving power two quantities
have been computed: the total energy of a measured event
E;os = E; + E, and its energy asymmetry y = g: ;g . The
correlation spectrum between the asymmetry and the total
energy, presented in Fig. 27, shows that the setup is able
to reach a good resolving power. Further work is needed to
precisely determine the position identification thresholds.
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2.5.10 Resolution on the reconstructed invariant mass

The presence of the X17 boson would lead to a structure in
the invariant mass distribution of the detected pairs, as well
as in the distribution of the correlation angle between the
leptons [1,6].

Being the invariant mass dependent on the energies of
the two leptons of a pair, and on their correlation angle, its
associated error depends on this two quantities and their res-
olutions. The electron and positron energies are correlated
because of the energy conservation of the boson decay, and
the energy resolution is related to the light yield. Thus, the
invariant mass resolution can be computed as a function of
E.-, Ly, 0.+, and 0p. Marginalizing the electron energy and
the correlation angle, which are not fixed in the experiment,
the invariant mass resolution depends only on the angular res-
olution and the light yield: with the results obtained for these
two parameters it has been proved that it will be possible to

reach a final resolution of 37: ~ 1%.

2.5.11 Conclusions

The construction of a new pair spectrometer for the mea-
surement of electron-positron pairs sharing up to 20 MeV
kinetic energy is ongoing. The aim is to build a device capa-
ble of repeating the ATOMKI experiment [1] on ®Be decays
exploiting the low energy proton beams provided by the
AN2000 and CN facilities at LNL. The proposed design of
the detector tries to optimize material budget and angular res-
olution by keeping a simple and cost-effective layout. This
is done by exploiting a specific arrangement of EJ200 plastic
scintillator bars read-out by SiPMs arrays. The device can
be operated in vacuum, allowing to minimize the amount of
matter seen by the particles before reaching the first detection
layer. This turns out to be quite important both to constrain the
detection thresholds and to improve the angular resolution by
minimizing multiple scattering effects. The work done so far
shows that the proposed design is compatible with the exper-
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imental specifications and is expected to achieve an invariant
mass resolution of about 1%. It is also worth noticing that
this device could be operated in a magnetic field, allowing
for future coupling to charge sensitive ee™ spectrometers.

3 Theoretical interpretations

3.1 Theoretical introduction to new physics explanations of
the ATOMKI 3Be and “He anomalies

Jonathan L. Feng
Department of Physics and Astronomy, University of Cali-
fornia, CA 92697, USA

Abstract The ATOMKI ®Be and “He results are among the
most interesting anomalies to appear in many years. In this
talk, I briefly review why these results are particularly tan-
talizing from a new physics perspective and the essential
features that must be explained by any new physics inter-
pretation. I then give examples of new physics explanations
that don’t work and proposed solutions that do work, and I
conclude with thoughts about what must be done to reach a
compelling resolution.

3.1.1 Could this be new physics?

The ATOMKI ®Be results [1] shown in Fig. 28 and similar
results for *He [53] are among the most interesting anomalies
to appear in many years. There are many reasons these results
are particularly tantalizing from a new physics perspective:

1. The anomalies are statistically significant. They are both
roughly 70 excesses and are unlikely to disappear with
more data. Irrespective of whether they will ultimately be
explained by new physics, we are likely to learn some-
thing interesting.

2. The excesses are bumps. They are localized in opening
angle 0,+,- and invariant mass m,+,-. Diffuse excesses
or excesses that appear at an experiment’s kinematic limit
are much more likely to have mundane explanations. (Of
course, higher resolution and sharper bumps would be
even better.)

3. The excess reported in Ref. [1] rises and falls as one
scans through the resonance by varying the proton beam
energy. (For recent results indicating continuum produc-
tion, consistent with the analysis of Refs. [8,68], see other
contributions to these proceedings [98].)

4. There are no compelling SM explanations. After 7 years,
possible SM explanations have been studied [27,67], and
no SM resolution has been found.

5. There are no experimental explanations. After 7 years,
there are also no simple experimental resolutions.

o 1
B "Li(p."e)’Be
Z
©
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Fig. 28 The ATOMKI excess at opening angle 6,+,- ~ 140° observed
in the reaction p 7Li — 8Beete™ [1]. The different colors show the
spectrum as one scans through resonance by varying the proton beam
energy, as indicated. From Ref. [99]

6. The fit improves drastically with the introduction of a
single new particle [1,94]. A priori the excess need not
have a shape consistent with the simplest new physics
explanations.

7. The 8Be and “He results support each other. In particular,
the excess shifts from 6,+,- ~ 140° for 8Be [1] to 115°
for “He [94]. Such a shift excludes many experimental
systematic error explanations, but it is exactly what is
expected for all of the simplest new particle explana-
tions [8,57]. Additionally, the size of the *He excess is
consistent with the prediction of the protophobic gauge
boson explanation of the $Be anomaly [39].

8. And last, very generally, the observations fit beautifully
with current ideas in physics and cosmology that motivate
weakly-interacting, light particles; see Fig. 29.

3.1.2 Essential features of the signal

If the ATOMKI anomalies are evidence for the production
of a new particle X, one can quickly identify a few essential
features that constrain any viable new physics explanation:

1. X is produced through its nuclear (quark) couplings and
decays through its electron coupling.

2. The bumps at 6,+,- 2 140° for ®Be and 115° for “He
imply that the X has a two-decay X — ete™ andmyx ~
17 MeV.

3. X is therefore a neutral boson, and the discovery of X
implies the discovery of a fifth force with a characteristic
range of 12 fm.
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Fig. 29 The new particle landscape. New particles are classified in the
(mass, interaction strength) plane. Strongly-interacting, light particles
have already been discovered, and weakly-interacting, heavy particles
are impossible to discover at particle and nuclear accelerator experi-
ments. The current frontier therefore lies on the diagonal that contains
strongly-interacting, heavy particles and weakly-interacting, light par-
ticles. Remarkably, this diagonal is also motivated by thermal relic dark
matter and the WIMPless miracle [100,101], and the X17 anomalies
are naturally explained by weakly-interacting, light particles that lie in
this same diagonal swath of parameter space

4. The signal rate is determined by o (®Be* — 3Be X) x
BR(X — ete™).

5. Other decay modes are possible (X — vv, DM, ...), but
to maintain the signal rate, these would require larger
nuclear couplings, which are more prone to exclusion.
Without much loss of generality, then, one can assume
BR(X — ete™) = 1.

6. With this assumption, X’s nuclear couplings are com-
pletely determined by the signal rate.

7. X’s electron coupling cannot be too small, since the X
cannot travel too far before decaying.

8. The quantum numbers of the reactions and symmetries
of the physics models impose theoretical constraints on
possible explanations.

9. All experiments that have probed the 10 MeV-scale since
the early days of nuclear and particle physics impose
additional experimental constraints on possible explana-
tions.

3.1.3 Explanations that don’t work
Scalars Can the X particle be a spin-0 boson with quantum

numbers J¥ = 012 The decay 3Be* — ®Be X would then be
alt — 070" decay. Angular momentum conservation then

@ Springer

implies that the final state has L = 1, but parity conservation
implies P = (—1)% = 1, leading to a contradiction. A scalar
X is therefore not a viable explanation of the 3Be results, at
least in parity-conserving theories [8,57].

The Dark Photon One may instead consider a spin-1 boson.
In general, one may parameterize this boson’s couplings to
fermions f as € re, where e is the SM electromagnetic cou-
pling. Drawing on the similarities to the photon to determine
the necessary nuclear matrix elements, one finds that the 8Be
signal rate implies |€, + €4]| ~ 3.7 x 1073 [8,57].

The dark photon A’ is the specific example of a spin-1
boson that has couplings that are identical to the photon’s,
but suppressed by a small, universal parameter ¢; thatis € y =
€0y, where Q y is the fermion’s SM electric charge. To get
the right signal rate, then, one needs ¢ =~ 0.01, which is
excluded by experiments. The dark photon is therefore not a
viable explanation of the ATOMKI results [8,57].

3.1.4 Possible solutions

Vectors, Axial Vectors, Pseudoscalars To find a possible solu-
tion, then, one must consider other neutral bosons. Viable
explanations of the original ®Be signal include candidates
in all of the possible categories: vectors that are not dark
photons [8,57,102-106], axial vectors [41,107], and pseu-
doscalars [58,59]. For a review of the early works, see
Ref. [108], and for other, more recent proposals, see the other
talks at this workshop.

The Protophobic Gauge Boson The protophobic gauge boson
was the first new physics proposal to resolve the $Be anomaly.
It is still viable and remains interesting, in part because,
unlike other proposed explanations of the 3Be results, it also
explains the observed “He excess.

As noted in Sect. 3.1.3, the dark photon is excluded
by other experimental constraints. The most stringent of
these constraints are from searches for exotic pion decays
to 17 MeV X particles 7° — y X, followed by X — ete.
The X particle is produced by the SM pion decay triangle
diagram, with one photon replaced by X. Its amplitude is
therefore proportional to €, Q,, — €4 Q4, and so this produc-
tion is suppressed if 2¢, + €4 = €, ~ 0, that is, if the spin-1
gauge boson is protophobic. A spin-1 gauge boson that cou-
ples to neutrons but not protons, may therefore explain the
8Be results without violating other constraints. Examples of
protophobic bosons include B — Q and B — L — Q gauge
bosons, where B, L, and Q are the SM baryon number, lepton
number, and electric charge.

A detailed analysis [8,57] of all existing constraints found
that the viable hadronic couplings of the protophobic gauge
bosonaree,, € ~ 1073, with2¢,+¢4 < 0.1¢,, whichis suf-
ficiently protophobic to satisfy the pion constraints. For the
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Fig. 30 Protophobic gauge boson parameter space, where my is the
mass of the X boson, and € is its electron coupling. The figure is adapted
from Ref. [15] with a few supplementary contours. The ®Be and “He
anomalies may be resolved in the red region [8,57]. Between the green
contours, assuming €,, = €, the X boson also reduces the current 4.20
discrepancy in (g —2),, to 20'. The blue and purple regions are excluded
by the indicated experiments; the gray NA48 region is not applicable
to protophobic gauge bosons. FASER will be sensitive to the yellow
regions with the LHC Run 3 integrated luminosities indicated [110]

electron coupling, the allowed values are shown in Fig. 30.
The originally allowed range was 5 x 107> < ¢, < 2x 1073,
where the lower and upper limits are set by constraints from
beam dump experiments and (g — 2),, respectively. Assum-
ing €,, = €, the current 4.20 discrepancy in (g — 2), [109]
may be reduced to 20 at the upper end of the allowed range
of €,. The range 5 x 107> < ¢, < 2 x 107* is disfavored
by E141, but, as can be seen in Fig. 30, mx = 17 MeV
is at the kinematic limit of this constraint and, given this
caveat, this range should probably not be considered defini-
tively excluded. Later null results from NA64 have excluded
the range 1 x 107% <€, <7 x 1074 [15]. Anomaly-free
models supporting the viable parameter ranges have been
constructed in Ref. [57].

3.1.5 Paths toward a resolution

When the protophobic explanation was announced in April
2016, it and the ATOMKI anomaly itself elicited a large
range of reactions. The most interesting to me was from
James Bjorken, who noted that all new physics interpreta-
tions may be considered longshots, and they need not be
demoted further by theoretical arguments. Instead, he asked:
How can these ideas be tested? What are their other experi-
mental implications?

Contours of my (MeV)

mn,—Mp, (MeV)

63" (deg)

Fig. 31 Contours (black solid lines) of the X boson mass my in the
plane of the minimum opening angle 67}""_ and the nuclear state mass

splitting m y, — m . Particularly relevant mass splittings are indicated
by red dashed lines. The blue points and error bars indicate the parame-
ters where 70 excesses have been found in 8Be and *He nuclear decays.

As can be seen, the excesses are at different opening angles 9;“3}, but

both are consistent with the production of a 17 MeV X boson. From
Ref. [39]

Clearly, it would be good to have additional measurements
of the nuclear decays. We are now in the bizarre situation
that after 7 years, the revolutionary and specific claims of
the ATOMKI group have not yet been checked by others.
This status quo should not be allowed to persist for much
longer. For the reasons given in Sect. 3.1.2, essentially all
new physics interpretations postulate a new 17 MeV parti-
cle, and so all nuclear decays with sufficient mass splittings
to produce a 17 MeV particle are suitable targets. Obviously,
it would be good for other collaborations to study the 3Be
(18.15) decay. But other systems can also be valuable. As
noted, the ATOMKI group has already provided further evi-
dence for a new physics interpretation of the $Be anomaly
by discovering a similar effect in “He decays. As illustrated
in Fig. 31, the excesses peak at different opening angles, but
both are consistent with the production of a new 17 MeV par-
ticle, providing a spectacular kinematic cross check. Addi-
tional decays of interest are those of the excited 8Be (17.64)
nucleus, which is very similar to the 8Be (18.15) state and
so has a similar, but phase space-suppressed, decay in most
models, and the decays of the J© = 1~ state 12C (17.23),
which has different quantum numbers (and is, unfortunately,
also quite phase-space suppressed).

The signal rates are also important, as the couplings
required to explain the ¥Be anomaly imply definite branching
ratios for other decays. For example, in the protophobic gauge
boson model, the required couplings imply a *He decay width
of I'(*He(20.21) — *He X) = (0.3 —3.6) x 1072 eV [57].
This is in remarkable agreement with the observed value of
(2.8—5.2) x 107 eV and is highly non-trivial. For other new
physics models, an effective field theory analysis shows that
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the predicted and observed “He signal may differ by two or
more orders of magnitude [57].

Other experiments may also confirm or exclude the pro-
posed new physics interpretations by testing either the
hadronic or electronic couplings. For example, many exper-
iments will be sensitive to the required electron couplings
in the near future. These include NA64, which has already
excluded relevant ranges for €, [15], and will be sensitive
to values in the remaining “high-¢,” window, 7 x 107% <
€0 < 2 x 1073 in the next few years. Starting with the first
fb~! of data at LHC Run 3 in a few months, FASER will
provide a complementary probe of the “low-€,” window,
5x 107 < € < 1 x 107, and will completely cover
this window with the full LHC Run 3 integrated luminosity
of 150 fb~! [20,110,111]. Another direct probe is provided
by PADME [18], a fixed target experiment with a mono-
energetic e beam that can search for X resonances in the
process ete” — X — eTe™.

In summary, the ATOMKI 8Be results have been tantaliz-
ing for 7 years, and their interest has been supplemented now
by the “He results. New physics explanations require a new
weakly-interacting particle with a mass of 17 MeV, with con-
nections to beautiful ideas in particle physics and cosmology.
There are by now many interesting explanations, and these
strongly motivate a diverse set of nuclear and particle exper-
iments to confirm or exclude this potentially revolutionary
discovery of new physics.
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Abstract Motivated by the anomalies observed by the
Atomki collaboration, we study some extensions of the Stan-
dard Model with a gauged U (1)’ symmetry. We focus on the
role of an extended scalar sector and of the origin of the new
mass scale suggested by the anomaly.

3.2.1 Introduction

The quest for New Physics has always been characterised by
a twofold approach, the high energy frontier, typically pur-
sued through multi-purpose experiments at hadron colliders,
and the high precision frontier, typically exploited at lepton
collider experiments. However, surprises may also arise in
other contexts such as from lower energy experiments. In
this respect, an interesting result has recently been reported
in [1] (see also [4,5,64,66]) by the Atomki experiment [2].
In the data collected by the pair spectrometer a 6.8c anomaly
was observed in the decay of an exited state of the 3Be. Upon
analysis of the electron-positron properties, the spectra of
both their opening angle and invariant mass presented the
characteristics of an excess consistent with an intermediate
boson X being produced on-shell in the decay of the Be*
state, with the X object subsequently decaying into eTe™
pairs. As further investigations, the collaboration has also
considered the decays of other excited beryllium and carbon
nuclei and recently it has reported the observation of a 7.2
excess in one of the *He transitions [6,65].

In this contribution we discuss the theoretical aspects of
possible solutions to these results, assuming that the neu-
tral boson could be a spin-1object, and we comment on the
embedding of such solutions in beyond Standard Model (SM)
scenarios.

3.2.2 The U (1) extension of the SM and its scalar sector

An attempt to explain the nature and the properties of the
X boson was carried out in [8,57], in which a new spin-1
boson, Z’, was considered, with vector-like couplings to the
SM quarks and leptons and a mass Mz >~ 17 MeV. Further
studies of such, or other, scenarios have been performed in
[36,39,58,67,102-105,112—115]. The interactions of such
a light state are strongly constrained by the 7 — Z' 4+ y
searches at the NA48/2 experiment [116] which require the
Z' to be ‘protophobic’, namely, that its couplings e€, and
e€g of up and down quarks, defined as multiple of the electric
charge, satisfy the condition 2¢, + €5 < 1073 [8,57].

Here we will consider, in full generality, one of the sim-
plest extensions of the SM, described by an extra U(1)
group, that is able to accommodate for a light spin-1 gauge
boson [117-122]. This scenario potentially provides a the-
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oretically consistent framework that is able to address the
physics involved in the Atomki anomaly [123]. In this con-
tribution we will focus on model-building.

A key property of this class of models, arising from the
presence of two abelian symmetries, U (1)y x U (1), is that
the kinetic Lagrangian of the corresponding gauge fields, B u
and BZL allows for a gauge invariant mixing of the corre-
sponding field-strengths, namely

1 1 ’ K
ﬁ(inz—‘—lFMuF“”—ZFl’wF’“’—EF;LUF““, (1)
with x being the kinetic mixing parameter between U (1)y
and U(1). The Lagrangian can be recast into a diagonal
form by a suitable transformation of the gauge fields. In the

diagonal basis, the gauge covariant derivative becomes
9M=3M++181YBM+1(§Y+8/Z)B/, (2)

where Y and z are the SM hypercharge and the U (1)’ charge,
respectively, and g’ and g are the two gauge coupling con-
stants of the U(1)’, with g playing the role of the kinetic
mixing « introduced above.

Due to the mixing coupling g in the covariant derivative
given above, after spontaneous symmetry breaking, the EW
vev v affects the U (1)’ mass term (even if the Higgs sector
is neutral under the new abelian symmetry). As an example,
if we consider only Higgs doublet charged under SU (2), the
Lagrangian providing the neutral gauge boson mass matrix
reads as
m3,
TB B+,

3)

where we have defined g¢ = g + 2z g with z¢ being the
U(1) charge of the SM Higgs. The mass term mé,, instead,
represents a possible source for the Z’ mass from a sector
neutral under the SM gauge group. In its simplest instance,
this can be achieved by the vev v’ of a SM-singlet scalar x that
has a z,, charge under U (1)’ and in this case mp = g'z, v’
The mixing in the neutral gauge sector is only triggered by the
g coupling and, as such, is unaffected by the details of the
sector generating the mass term m g/. As one can infer from
the equations above, a non-vanishing g¢ can be achieved
either by the non-zero U (1)’ charge of the Higgs field, zp #
0, or by the presence of a non-zero kinetic mixing g # O.
Both of them equally contribute to a Z — Z’ mass mixing. For
a weakly interacting and light Z’, namely g’, § <« gz and
m%, « v?, the masses and the mixing angle of the neutral
gauge bosons are

2
v
- gl—[iggs:?(gZWE_ngM_g‘DB//L)Z +

1

M% ~ —g%vz, M%/ ~ m%/, tan20’ ~ —25%. )
4 8z

As expected, the Z’ mass is controlled by the m g parameter

or, equivalently, by the vev v’ of a putative SM-singlet x . The

7' massless limit for m gr = 0 is naively reproduced. Indeed,
if spontaneous symmetry breaking is turned off in the SM-
singlet scalar sector, no new scalar degrees of freedom are
available to describe the longitudinal component of a massive
Z'.Foral7MeV Z' with g’ ~ 1073, asrequired to reproduce
the Atomki anomaly in these scenarios, we get v" ~ 10 GeV.
A new mass scale, unrelated to the EW one, is necessarily
introduced.

The expansions in Eq. (4) are obtained in scenarios with
only one SU (2) Higgs doublet, as in the SM. This assumption
can be obviously relaxed and more Higgs doublets can be
envisaged. We show, indeed, that this possibility leads to
an interesting phenomenology in the Z’ sector and provides
alternative solutions to the 8Be anomaly.

Among several possibilities, we focus on a 2-Higgs Dou-
blet Model (2HDM) scenario, with the two scalar doublets
@1 and &, having the same hypercharge ¥ = 1/2 but two
different charges z¢, and zg, under the extra U(1)'. As we
will comment below, this scalar sector has the advantage to
provide a simple explanation of the new mass scale, pointed
out by the Atomki anomaly, naturally binding it to the EW
one.

For the sake of generality, we also consider, alongside
spontaneous symmetry breaking in the EW sector, a contribu-
tion to U (1)’ symmetry breaking through the VEV (x) = v’
of an extra SM-singlet scalar y, indeed connected to the mass
term mp = g'z,v’. In the limit of small g’, g couplings, the
mass of the Z’ is

2
IR :
M2, ~ m%, + Zg/ (zp, — Z¢2)2 slnz(Zﬂ)s 5)

where tan 8 = vy /vy. The mass is non-vanishing even when
mp — 0 if the two scalar doublets have different charges,
zg, and zg,, under the U (1)’ group. In this case, an extra
sector is not strictly required to generate a mass for the Z’.
In particular, in the mp =~ 0 limit (which is equivalent to
v/ >~ 0) there is no contribution from the dark sector and
one finds, for Mz >~ 17 MeV and v =~ 246 GeV, that g’ ~
10, Interestingly, the same order of magnitude of the gauge
coupling is required to explain the Atomki anomaly if the Z’
gauge boson interacts with the SM fermions with both vector
and axial-vector couplings.

To summarise: (1) in case of one Higgs doublet, the limit
mp <K vleads to M/, >~ mp and the SM Higgs sector does
not play any role in the generation of the Z’ mass; (2) in an
extended scalar sector instead, such as the 2HDM case with
e, # Zo,, the symmetry breaking of the U (1)’ can actually
be realised without the extra SM-singlet x, namely with v’ =
0. The typical CP-odd state of the 2HDM extensions here
plays the role of the longitudinal degree of freedom of the
Z' and, as such, differently from standard constructions, the
particle spectrum is characterised by a missing pseudoscalar
state.
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Table 3 Flavour universal charge assignment in the U (1)’ extension of
the SM

SU@3) SU(Q2) U(l)y Uy
oL 3 2 1/6 Z0
UR 3 1 2/3 Zu
dg 3 1 -1/3 220 —
L 1 2 -1/2 —3z0
eR 1 1 -1 —2z20 — Zu
Si 1 1 0 Zs;

3.2.3 The fermion sector

Having discussed the spontaneous symmetry breaking of the
U (1)’, we can now comment on the fermion sector and the
constraints imposed by the new gauge symmetry.

Firstly, as common in 2HDM extensions, one has to deal
with the presence of large tree-level flavour changing neu-
tral currents. In this class of models, this is automatically
taken into account by the new abelian gauge symmetry which
replaces the ad-hoc discrete Z, symmetry [124,125]. Sec-
ondly, the cancellations of gauge and gravitational anomalies
strongly constrain the charge assignment of the SM spec-
trum under the extra U (1)" gauge symmetry. These typically
imply the introduction of SM-singlet fermions, s;, which
could also be exploited, in some scenarios, for implementing
a seesaw mechanism generating light neutrino masses. The
actual charges and masses of these new states, if present,
strongly depend on the specific realisation of the fermion
sector. Nevertheless, these SM-singlet states are irrelevant
for the explanation of the anomaly. Much more complicated
fermion sectors are obviously possible. Here we choose to
explore a scenario that is minimal in that respect. Indeed,
while an extended scalar sector (either dark or visible) is nec-
essarily required to provide a mass for the Z’, the SM light
fermions are enough to describe the physics of the Atomki
anomaly.

The general charge assignments of the spectrum in our
extension of the SM, in a flavour universal scenario, are given
in Table 3, where the zj;’s are chosen to cancel the anomaly
inthe U(1)’U(1)’U(1) and U (1)’ GG triangle diagrams, G
being the gravitational current.

The interactions between the SM fermions and the Z’
gauge boson are described by the Lagrangian % =
—J g, Z L, where the gauge current is given by

Jy = Z Yry" (Cr.LPL+ CrrPr) ¥y ©)
f

with left- and right-handed couplings

Crr=—gzs (T;’ — sy Qf) + @YrL+8'zp0)C,
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Crr=2gz5%50r+@Yrr+dzrR)C. (7

In these equations we have used the notation sy = sin 6y,
cw = cosBy,s’ =sinf’ and ¢’ = cos’. We have also intro-
duced Y the hypercharge, z s the U (1)’ charge, T;’ the third
component of the weak isospin and Q  the electric charge
of a generic fermion f. These equations can considerably be
simplified by exploiting the fact that the product gzs’ is of
the same order of g for g’, ¢ < 1. In terms of the vector and
axial-vector components of the Z’ interactions one finds

Crv=gcy Qr+g [qu(T; —25%,07) +Zf,V] ,
Craxg [—Zq> r,§+1f,A], 8)

where we have also introduced the vector and axial-vector
U(1) charges zfv/a = 1/2(zf,r £ 25,4)-

Notice that z¢ can be either zy for a single Higgs dou-
blet (H) model or a combination of z¢, and z¢,, namely
e = ¢, cos? B+ ze, sin? B, for a 2HDM. The z¢ charge
arises from the small gauge coupling expansion of the Z — Z’
mixing angle 8" which implies ¢’ >~ 1 and s’ >~ —go¢/gz =
—& —2¢'70.

The structure of the Z’ couplings is characterised by the
sum of three different contributions.

— The kinetic mixing g induces a vector-like term propor-
tional to the electromagnetic current. This is the only
source of interactions with the Z’ when all the SM fields
are neutral under U (1)’. In this case the Z’ is commonly
dubbed dark photon.

— The second term is induced by zg, the U (1)’ charge in
the Higgs sector, and leads to a dark Z, namely a gauge
vector that mixes with the SM Z boson. The SM fermions
are not required to be charged under U (1)’ in this case.

— Finally, there are the usual gauge interactions propor-
tional to the fermionic U (1)’ charges z f,v/A- There are
the typical interactions of the most general U (1)" exten-
sions of the SM.

We can further delineate different physical scenarios
depending on the structure of the axial-vector couplings of
the Z’ boson.

Indeed, the Cyf 4 coefficients can be suppressed with
respect to the vector-like counterparts (see also [107]). This
emerges, for instance, by enforcing the gauge invariance of
the Yukawa Lagrangian under the new abelian symmetry, in
the scenarios where only one SU (2) scalar doublet is consid-
ered. Indeed, the gauge invariance requires the U (1)’ charge
of the Higgs field to satisfy the conditions

20 =20 —2d = —2Q + Zu = IL — Ze- ©

Inserting the previous relations into Eq. (8), one finds C 4 ~
0 that describes a Z' with only vector interactions with
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charged leptons and quarks. We stress again that the sup-
pression of the axial-vector coupling mentioned above is only
due to the structure of the scalar sector (with only one SU (2)
Higgs doublet) and the gauge invariance of the SM Yukawa
Lagrangian. This feature is completely unrelated to the U (1)’
charge assignment of the fermions, to the requirement of
anomaly cancellation and to the matter content potentially
needed to account for it.

In contrast, in the scenario characterised by two Higgs
doublets, the axial-vector couplings of the Z’ are, in general,
of the same order of magnitude of the vector ones and the
cancellation between the two terms of C, 4 in Eq. (8) is not
achieved regardless of the details of the Yukawa Lagrangian
(such as which type 2HDM). The same result can be achieved
if a single Higgs doublet is considered but the conditions in
Eq. (9) are not satisfied as in scenarios in which the fermion
masses are generated radiatively or through horizontal sym-
metries.

To summarise, we can identify three different situations
that can provide a light Z’ with interactions potentially
explaining the Atomki anomaly. Below we provide some
references to the literature where these scenarios have been
worked out. In all of them, the SM is extended by an addi-
tional abelian gauge group.

1. The SM scalar sector is unchanged, being characterised
by only one Higgs doublet. In this case the mass of the Z’ is
entirely generated in the dark sector. The Yukawa Lagrangian
preserves the SM structure and its gauge invariance under the
U (1)’ necessary implies that the Z’ has only vector interac-
tions with the SM fermions at leading order in the couplings
g, 8 [8,57].

2. The SM scalar sector is extended by an additional Higgs
doublet. Even though the Yukawa Lagrangian is invariant
under the local U (1)’ symmetry, the cancellation between the
twotermsin C s, 4 in Eq. (8) does not occur and both the vector
and axial-vector couplings of the Z’ are non-vanishing. The
mass of the Z’ acquires contribution from both the dark and
the EW sectors [41,106,107].

3. The SM scalar sector is characterised by a single Higgs
doublet but the constraints in Eq. (9) are avoided by relying
on more complicated Yukawa structures. As such, the can-
cellation providing C 4 =~ 0 is not realised and the vector
and axial-vector interactions of the Z’ are of the same order
of magnitude [44].

3.2.4 Conclusions

While the possibility that the Atomki anomaly can be
explained as a statistical fluctuation combined with yet
unknown nuclear physics properties and/or unforeseen exper-
imental conditions is still open, the fact that such an effect in
the beryllium decay has been determined with a 6.8¢ signifi-
cance and that it has been supported by the recent observation

of a compatible anomaly in the helium system, clearly calls
for a thorough investigation of plausible theoretical expla-
nations. With this in mind, here, we have presented and dis-
cussed particle physics scenarios that extend the SM with the
inclusion of a spin-1 boson.
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3.3 The nuclear physics aspects of the ATOMKI anomaly
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Abstract During this workshop, the original experimental
group that announced the Atomki anomaly presented more
results. In several talks, different experiments, which we con-
sider to be timely and important, were proposed or presented
for checking the original observation. Multiple talks dis-
cussed interesting theoretical explanations for the anomaly.
In this contribution, we provide a few comments on the
nuclear physics aspects of the anomaly and summarize our
previous two papers on this subject, which hopefully can be
useful for others working on this topic.

The so-called Atomki anomalies, first seen in 7 Li( p,et+
e7)8Be [1] and then in *H(p, e™ + ¢~)*He [53], have gen-
erated considerable interest in particle and nuclear physics
communities. This workshop sampled a range of theoretical
studies from the two fields (see those contributions in this
workshop report).

In our latest work [68], we specifically focused on a
beyond-the-Standard-Model (BSM) physics explanation [8,
39,57] that conjectures that protophobic vector bosons were
produced in the "Li — p interactions and then decayed into
eT-e~ pairs. Based on the existing "Li(p, et 4+ ¢7)3Be data,
we predicted the production cross section for such bosons
(X) up to an overall factor in a wide range of "Li — p scat-
tering energies. The result clearly shows that the anomaly
should have been seen at all beam energies of the origi-
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nal 7Li(p, et + ¢7)3Be measurements [1]. However, the
anomaly was only seen at the ®Be 17 resonance located at
18.15 MeV above its ground state [1]. [The resonance is
mostly isoscalar (MIS), while the other one at 17.64 MeV is
mostly isovector (MIV).] This contradiction led us to con-
clude that the X explanation was not viable.

During our preparation of this contribution, we were
informed by the experimental collaboration that its latest
measurement observed similar anomalies at various beam
energies (see Krasznahorkay et al.’s contribution in this
report). Considering this interesting development, we (as the-
orists) put forward the following wish list, which could be
helpful for resolving questions about these anomalies.

— We need independent measurements on these reactions
(preferably using a blind data analysis approach [126]),
besides other indirect search of various BSM particles
that were proposed to explain the anomaly (see related
contributions in this report).

— Theorists compute cross sections, but only event counts
are available right now. In the future, experimental cross
sections results will be needed so that theorists (and even
different experiments) can make quantitative compar-
isons. Another way to facilitate such comparison is to
provide necessary information about detector responses
and the beam flux integrated over time, which will enable
theorists to produce event counts in both the anomalous
region and other regions where the Standard Model (SM)
can explain the data according to the original experiment.

— In the original paper [1], the event counts were binned
against either e™-e¢~ invariant mass or their correlation
angle, but not both. As discussed in Ref. [27], the differ-
ential information on the joint distribution of these two
kinematic quantities could provide more information.

Now, we discuss our (unsuccessful) nuclear physics expla-
nations [27] as well as other relevant nuclear physics stud-
ies [7,69] not covered in the workshop. Then we will explain
our latest work [68] on the X boson.

In Ref. [27], we expanded the theoretical formalism [3]
that was used by the experimental group [1] for describing
et — e~ production in nuclear transitions by including the
direct capture component in the full ’Li(p, eT4+e~)®Be reac-
tion. The interference terms between different electromag-
netic (EM) multipoles are also included and studied, consid-
ering that the experiment’s detector doesn’t have full angular
coverage [1]. Even though the interference effect is signifi-
cant (and sensitive to "Li- p scattering energy), it is not able
to explain the anomaly in the e*-e~ correlation angle distri-
bution and their invariant mass distribution. We further stud-
ied the strength of the resonance’s EM decay on the virtual
photon’s momentum (with the photon energy fixed by the O
value of the reaction). L.e., the strength could be accompanied
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by a transition form factor. However, the form factor would
need to have a dramatic dependence on the virtual photon’s
momentum in order to explain the signal. This dependence
is unlikely because the photon wave length is much bigger
than any length scale in the dynamics.

Both efforts to explain the anomaly in terms of nuclear
physics turned to be unsuccessful, but we found that at the
MIS 1F (®Be) resonance, the E1 contribution to the et — ¢~
production is about 40% of the total cross section (the sum of
the E1 and M1 contributions). In contrast, the original exper-
imental analysis fixed it at 20%. In another recent theoretical
study [69], this number is 30% at the MIS resonance. There-
fore, there is still disagreement in our understanding of the
Standard Model background for the experiment. Moreover,
as emphasized in that study, the E1 to M1 ratio is highly sen-
sitive to the energy, because the M 1 contribution drop rapidly
as energies vary from the resonance energy. However, in the
original experimental analysis, the ratio is assumed to be
constant around the resonance.

These studies are based on the one photon-exchange
approximation for describing the EM transition. How about
the two-photon contribution? A recent paper [7] studied this
in a phenomenological approach and pointed out such con-
tributions together with the experimental detector response
could potentially explain the anomaly. If this explanation
turns out to be correct, et —e™ production could be an inter-
esting way to study the two-photon contribution in nuclear
reactions. This approach would be valuable for nuclear
physics in its own right. In recent years, there are growing
interests in studying this type of contributions involving one
W=+ (or Z) and one y (as radiative corrections) in nuclear
weak decay, as well as the two-boson contribution (involving
W+ — W) in neutrinoless double beta decay. In principle,
these two-boson contributions should be described in a uni-
fied hadronic physics framework. Therefore, any experimen-
tal information on the two-y contribution in nuclear reactions
could help calibrate such framework.

Our study of the X-production explanation [68] is mainly
based on a nuclear physics fact that the E1 and M1 multi-
poles are dominated by the isovector component of the EM
current. The same is true for production of an X boson.
As a result, its production amplitude is directly related to
that of the "Li(p, y)®Be reaction up to an overall coupling
strength. Taking into account the X’s finite mass and three
polarizations, we predicted the cross section for the X pro-
duction up to an overall factor. Strikingly, the beam-energy
dependence of the total X-production cross section is very
smooth in the region around the MIS 17 resonance, because
the direct capture reaction component without going through
any nuclear resonance dominates over the resonance-induced
(M1X) production. (At the MIV resonance region, the pro-
duction is dominated by the resonance-induced component,
if the kinematic threshold determined by the X’s mass is
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low enough.) This clearly contradicts the original experi-
mental observation [1], where the anomaly was only seen
at the MIS resonance and absent away from that resonance.
However, as shown in the experimental collaboration’s con-
tribution in this report, the anomalies were observed in a wide
window of beam energies in their recent re-measurements of
"Li(p, et + ¢7)®Be, lending support for the X-production
explanation. This new development makes it clear that inde-
pendent experimental checks are necessary and urgently
needed!

We would like to thank Attila Krasznahorkay for the
update on their recent re-measurement of 'Li(p,et +
¢”)3Be. This work was supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, under
the FRIB Theory Alliance award DE-SC0013617 and under
award DE-FG02-97ER41014.

3.4 The QCD axion interpretation of the X17 anomalies

Daniele S. M. Alves
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Abstract I provide a brief overview of the QCD axion inter-
pretation of the eTe™ excesses reported in transitions of the
8Be and “He nuclei. I also comment on the implications of
recent preliminary results, and highlight independent mea-
surements that could be performed to test the hypothesis that
the ‘X 17 boson is the QCD axion.

3.4.1 Introduction

The origin of the 8Be and *He anomalies as the nuclear emis-
sion of a new, beyond the Standard Model particle remains
highly speculative and subject to debate. Nonetheless, several
candidates for the “X17” boson have been considered in the
recent literature, including vectors, axial-vectors, and pseu-
doscalars. The vector boson interpretation (a.k.a the “proto-
phobic” X'17 boson [8,57]), while being the most popular,
faces significant challenges. For instance, its emission rate
cannot be easily suppressed in the transition $Be*(17.64) —
8Be + X17 (which is predominantly isovector), nor in the
“continuum” E1 component of non-resonant proton capture
on 'Li [68]. The pseudoscalar X17 interpretation, on the
other hand, can easily account for the absence of anomalous
excesses in reactions with electric multipole emission, and,
if such pseudoscalar has suppressed isovector couplings, its
emission is also naturally suppressed in isovector transitions.

If the existence of the X 17 boson were established and
its spin-parity were confirmed to be pseudoscalar, then one
would be faced with the task of uncovering the more fun-
damental origin of such a particle, here on dubbed “a(17)”.
Emission of the a(17) pseudoscalar in nuclear de-excitations

would necessarily imply that a(17) couples to quarks and/or
gluons in the UV through the following generic operators:

my _. oy ~
a—qiysq and/or a —GG. (10)
Jfa Jfa

Any such couplings, if generic, would contribute to the CP-
violating phase in the strong sector, Ocp, which is stringently
bound from neutron EDM searches to be Ocp < & (10710y.
Therefore, either a mechanism would have to be invoked to
cancel the a(17) contributions to fcp with @(10719) preci-
sion, or the vacuum expectation value of a(17) itself would
have to be dynamically driven to cancel the overall strong
CP phase. The latter scenario, which is significantly more
compelling theoretically and experimentally, would imply
that a(17) is the QCD axion originally proposed by Peccei,
Quinn, Weinberg, and Wilczek to solve the strong CP prob-
lem [45-48].

Most variants of QCD axion with mass of m, ~ 17 MeV,
however, are severely excluded by a variety of constraints
from rare meson decays, beam dumps, and fixed target exper-
iments. Alves and Weiner have shown in [59] that a piophobic
variant of the QCD axion remains experimentally viable and
could potentially explain the KTeV anomaly [127], i.e., the
(2 — 3)0 excess above the SM expectation in the rate for
70 — ete. Intriguingly, Alves has shown in [60] that such
a piophobic QCD axion could also simultaneously account
for the anomalous emission rates reported by the ATOMKI
collaboration in ®Be*(18.15) — B%Be + ete™ [1] and in
4He*(21.01) — *He + ete™ [6].

The required properties of the piophobic QCD axion have
been discussed in detail in [59]. Here, we mention them
briefly for completeness. First, the level of piophobia nec-
essary to explain the KTeV anomaly and remain compatible
with the SINDRUM bounds on 7+ — eTv(a — eTe)
[128] requires 7%—a mixing at the level of 0, < 0107
Second, the piophobic axion must have suppressed cou-
plings to the 2nd and 3rd generations of SM fermions in
order to avoid large contributions to the muon’s (g — 2),,
and to axionic meson decay rates from, e.g., quarkonia, B
and D mesons, and charged Kaons. Finally, the piophobic
QCD axion must have unsuppressed couplings to electrons,
O(me/f,), so thatithas ashort a — eTe™ decay lifetime of
7, < 10713 s and is therefore compatible with beam dump
and fixed target constraints.

3.4.2 The a(17) hypothesis for the ATOMKI anomalies

The linear couplings of the QCD axion can be uniquely and
unambiguously specified by a generalized Bardeen-Tye cur-
rent [129]. In the specific case of the piophobic axion with
mass m, =~ 16.7 MeV and decay constant f, >~ 1030 MeV,
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the Bardeen-Tye current takes the form:

Aphys
Ju Y= fa 0y aphys

fa

= f_(fn aua + ecm + Qanud J. (Zd) + eﬂﬂs JS(;) )’

(11)

where J5(3ll is the isovector quark axial current, and Js(”lf) and

Js(” are the two isoscalar quark axial currents in the heavy-
light basis (see [59] for concrete expressions). Heuristically,
the parameters 6, , 9‘“7m1 ,and 6, n in (11) can be understood
as the axion mixing angles with the pseudoscalar states 7,
Nud, and 1y, respectively [130]. It is safe to make the approxi-
mation 773 &~ 70, where ¥ is the physical neutral pion state.
The states 1,4 and 7, on the other hand, are not mass eigen-
states, but instead linear combinations of the physical states
nand n'.

The usefulness of the Bardeen-Tye parametrization, spe-
cially in comparison with convoluted LO approaches such
as in [131], is that it offers a simple parametrization of the
axion’s hadronic couplings that is straightforward to map
into x PT, and automatically accommodates the higher order
x PT contributions to the QCD axion couplings. In particu-
lar, the uncertainties from x PT at NLO are significant for the
piophobic axion, and one cannot calculate the mixing angles
Our Qa"ud ,and 0,,, with better than order-of-magnitude pre-
cision. Still, these uncertainties can be taken into account by
considering the following ranges for these mixing angles:

|Oarx | ~ 01077 — 107%),
Oun,| ~ 0107 — 107).

(12a)
(12b)

ieanud ’

The axion’s hadronic couplings in (11) can then be easily
recast in terms of effective isovector and isoscalar nuclear
couplings through:

Zann =aNiy’ (g,S&Nr +gff}3N)N, with (13a)
N
oy = Oax 8NN = Oux (Au— Ad) 7 (13b)
T
m
gf,(;\);N = (Qanud (Au + Ad) + \/56?“,,‘? As) f—N (13¢)
T

Above, Au, Ad, and As quantify the matrix elements of
quark axial currents in the nucleon.

With (13b) and (13c), it is straightforward to obtain the
axion emission rate in the magnetic dipole nuclear transitions
8Be* — 3Be + a [49,130,132,133],

>i=01 g(%\;N <1|8Be*>
Y=ot (™ —n®) (1 ‘ ¥Be* )

Iy 1 sl
" e |py

(14)

FV 8Be*
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and in the isoscalar magnetic monopole nuclear transition
4He*(21.01) — *He + a [49,132]

02 2|Pa ) 2
| & Q2 8ann| - (15)
my

4H*

The range for the nuclear matrix elements |aMo)’ ,u(l )
and r;(l ) in (14) and (15), as well as the i isospin composition
of |8Be*> in (14), are discussed in [60]. The uncertainties in
these quantities can be folded in the overall rate calculation
to obtain the range of axion isoscalar couplings that fit the
anomalous rates in 8Be and “He reported by the ATOMKI
collaboration. Assuming, conservatively, the following range
for the de-excitation rate 3Be*(18.15) — $Be + a(17),

Iy

~6E1) x 1070, 16
T, ( ) X (16)

8Be*(18.15)

we obtain the following fitted range for the piophobic axion’s
isoscalar couplings:

—(Qam,d (At + Ad) + /2 Ou, As)

8Be*(18.15)
~ (1.1 —6.3) x 1074, (17)

As for the width of the transition *He*(21.01) — “He +
a(17), the ATOMKI collaboration initially estimated it to be
[6]:

~ -5
F’l“‘He*(Zl.Ol),lst estimate 3.9x 1077 eV, (13)

based on the assumption that the primary SM contribution to
the rate of SH(p, eTe~)*He would come from de-excitations
of the lowest 0T state, *He*(20.21). This would imply the
following range for the axion isoscalar couplings:

~(Bun,, (A + Ad) + V204, A5)

4He*(21.01), 1st estimate

~ (0.58 —5.3) x 1074, (19)

However, this assumption may have to be revised based on
calculations by Viviani et al. [67], who claim that the domi-
nant SM contribution to >H(p, ete™)*He at E, =900 keV
come from farther 1~ resonances and E1 emission from direct
(non-resonant) capture. While estimates for this rate in [67]
have not been confirmed with preliminary data [53], if true
they could shift the initial estimated rate for *He*(21.01) —
4He + a(17) by an order of magnitude,

Iy ’ 4He*(21.01),2nd estimate

~ 0(10) x I, (20)

4He*(21.01), 1st estimate

with a corresponding shift in the favored isoscalar coupling
range of

~(Oun,, (A + Ad) + V204, 45)

4He*(21.01),2nd estimate
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~ (1.7—16) x 107, (21)

Regardless of these uncertainties in the determination of
the axionic de-excitation of *He*, there are two remarkable
things about (17) and (19)/(21). First, they are compatible
with the natural range for the QCD axion’s isoscalar cou-
plings in (12b). Second, they are compatible with each other,
which is nontrivial since the 8Be and “He nuclei are signifi-
cantly distinct many-body systems.

We can also use (14) and the axion isovector and isoscalar
couplings in (12a) and (17) to obtain the expected range of
axionic emission in the predominantly isovector transition
$Be*(17.64) — ®Be + a(17),

I
Za ~ (0.08 — 10) x 107", (22)
FV 8Be*(17.64)

We infer from (22) that the a(17) hypothesis provides a nat-
ural explanation for the absence of a statistically significant
excess in this transition (at least with the integrated proton
beam luminosity of public results to date).

Finally, we re-iterate that because the axion is a pseu-
doscalar, it can only be produced in magnetic multipole emis-
sions. Hence, unlike the protophobic X 17 vector boson case,
the rate for the non-resonant capture reaction p + 'Li —
8Be + a(17) is expected to be zero (or negligible) due to
absent (or extremely suppressed) magnetic multipole contri-
butions.

3.4.3 Independent channels to test the a(17) hypothesis

We now briefly discuss other, independent experimental mea-
surements that could either confirm or falsify the a(17) expla-
nation of the ATOMKI anomalies.

Other nuclear transition measurements If the backgrounds
and experimental systematics in the measurements of the
reaction JH( D, ete™)*He can be controlled, it would be very
useful to probe which “He transitions are contributing to the
anomalous ete™ emission. This could in principle distin-
guish between the various X17 hypotheses: scalar, vector,
and pseudoscalar/axial-vector. In fact, the ATOMKI collabo-
ration has recently released preliminary results for the scaling
of the et e~ anomalous excess in >H(p, eTe~)*He with three
proton energies, E, = [510, 610, 900] keV [53] (this test
was originally suggested in [39]). These preliminary results
seem to favor the pseudoscalar or axial-vector hypothesis
for X17, since the strength of the excess at different energies
appears to be compatible with the Breit—Wigner scaling of the
cross-section for the excitation of the 0~ state, *He*(21.01):

1
(E* — Eg-)2 + T2 /4

oo~ (E™) o (23)

where, above, E* is the excitation energy, and Ejp- =~
21.01 MeV, Iy~ ~ 0.84 MeV are the 0~ resonance energy
and total width, respectively. The three proton energies tested
in [94] roughly correspond to “He excitation energies of
E* =[20.21,20.29, 20.49] MeV (although this correspon-
dence is a crude approximation that does not take into account
the proton energy loss in the thick target). Plugging these
energies in (23), the expectation from the a(17) hypothesis
would be that the rate would scale as 0.56:0.65:1 for E, =
[510, 610, 900] keV, respectively, which is compatible with
the scaling reported in [94] of (0.4 £ 0.1):(0.7 £ 0.1):1.
Viviani et al. [67], who additionally took into account the
contribution from the higher 2™ excite state, also appears to
support this preliminary conclusion (see fig. 17 of [67]).

Another possibility, if feasible, would be to measure the
dependence of the excess in *H(p, ete™)*He away from the
transverse plane (i.e., at different angles of the e emission
relative to the beam direction; see, e.g., fig. 6 of Viviani et al.
[67]). This could in principle discriminate between the pseu-
doscalar and axial-vector [41] hypotheses, which is other-
wise not possible by simply scanning the proton beam energy
while fixing the detectors in the transverse plane.

Finally, searching for the X 17 particle in other nuclear
transitions could also help corroborate its existence and/or
rule out spin-parity possibilities. For instance, [39] suggested
searching for an X 17 ‘bump’ in the eTe™ spectrum of
12C*(17.23) — '2C + ete™. Since this is a predominantly
El transition, no significant a(17) emission is expected in
this case, and any confirmation of an X17 ‘bump’ in this
reaction would rule out the a(17) hypothesis.

Rare and exotic meson decays Another classical prediction of
visible QCD axion models are rare meson decays via axion
emission. Table 4 lists the most promising axionic meson
decays for upcoming experimental searches. The expected
rates from the a(17) model, in particular, should be well
within sensitivity of upcoming Kaon and n/n’ factories [134,
135].

Besides the well-known axionic meson decays containing
only one axion in the final state [60], Table 4 also includes
more exotic meson decays with two or three axions in the
final state, which were recently pointed out in [136]. Because
the a(17) decay constant is so low, f, ~ 1 GeV, these
multi-axion decays are relatively unsuppressed, leading to
surprisingly large branching ratios that could be easily probed
with dedicated pion and Kaon decay searches. Of note is the
exotic pion decay final state 79 = aaa — 3(ete™) witha
branching ratio ~ 30 times larger that the SM double-Dalitz
decay 70 — y*p* — 2(ete™) [137]. Despite its signifi-
cant branching ratio, this exotic decay has not been defini-
tively excluded, and dedicated searches for this 6-pronged
final state could be performed by experiments with large 7°
samples.
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Table 4 The most promising rare meson decay channels with one or
more axions in the final state, and the expected range of branching ratios
in the a(17) piophobic axion model

Decay channel Expected rate

Br(n — 7w a) 01073 —107%)
Br(y — 7 7 a) 01073 — 1074
Br(Kt — nta) 0107 —107%)
Br(Kt — utva) (1077 —107%)
Br(Kg —> T Ta) 0107 —107%)
Br(K) — aa) 0(1077)

Br(K) — aa) 0(107%)

Br(K? — 7%a) (1074

Br(KT — ntaa) 0(1075)

Br(rrO —aaa) ~ 1073

Probes of the a(17) coupling to electrons Finally, another
promising way to probe not only the a(17) hypothesis, but
also other X17 candidates, is through its coupling to elec-
trons. Recent results from the NA64 experiment [138] have
chipped away part of the available range of couplings of the
piophobic axion to electrons,

aeiyse. (24)

In the specific case of the a(17) model, the NA64 limits
translate into a lifetime bound of 7, < 107135, or 9 2 1/5,
which is a weak constraint.

Nonetheless, planned fixed targetand e e~ collider exper-
iments will be able to probe, and possibly fully exclude,
the remaining a(17) parameter space. These experiments
include PADME and Belle II, which will search foreTe™ —
y (a — e*e™), and fixed target experiments, such as NA64,
DarkLight, HPS, and MAGIX, which will search for axion-
bremsstrahlung from a high energy electron beam impinging
on a high Z target, e N — ¢" N (a — ete ) (see, e.g.,
other contributions to this review).

Finally, improved measurements of the electron anoma-
lous magnetic dipole moment, (g — 2),, could also signif-
icantly narrow down the available a(17) parameter space
[59,139]. The current experimental situation regarding (g —
2). is ambiguous, with the two most recent and precise deter-
minations of the fine-structure constant, «, by Parker et al.
[140] and Morel et al. [91], favoring different ranges for
(g —2), that are discrepant by ~ 3 . Further investigations
from these experimental groups are needed to re-evaluate
possible systematic effects and reconcile both measurements
[141].
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3.5 QED meson descriptio of the X17 and other anomalous
particles

Cheuk-Yin Wong
Physics Division, Oak Ridge National Laboratory

Abstract The X17 particle, the E38 particle, and the anoma-
lous soft photons are anomalous particles because they do
not appear to belong to any known Standard Model fami-
lies. We propose a QED meson description of the anomalous
particles as composite systems of a light quark and a light
antiquark bound and confined by the compact QED inter-
action, by combining Polyakov’s transverse confinement of
opposite electric charges in compact QED in (2 + 1)D and
Schwinger’s longitudinal confinement for massless opposite
electric charges in QED in (1 + 1)D. With predicted QED
meson masses close to the observed X17 and E38 masses,
QED mesons may be good candidates for the description of
the anomalous particles.

3.5.1 Introduction

The observed X17 particle [1,94], the E38 particle [ 142, 143],
and the anomalous soft photons [144—148] are anomalous
particles because their masses of many tens of MeV do not
lie in the mass region of any known family of particles of the
Standard Model. Many different interpretations have been
presented and their theoretical implications discussed [98].
We focus our attention on the description of the X17 parti-
cle and other anomalous particles as composite particles of
a light quark and a light antiquark bound and confined by
their mutual QED interaction [149-153]. We shall call such
a composite particle a QED meson (compactly written as a
“qedmeson”), in analogy with the QCD meson.

Previously, in many exclusive experiments in high-energy
hadron-hadron collisions and et e~ annihilations, it has been
consistently observed that whenever hadrons are produced,
anomalous soft photons in the form of e™e™ pairs about 4 to
8 times in excess of the bremsstrahlung expectations are pro-
duced, and when hadrons are not produced, these anomalous
soft photons are also not produced [144—-148]. The transverse
momenta of the excess eTe™ pairs lie in the range of a few
MeV/c to many tens of MeV/c, corresponding to masses from
afew MeV to many tens of MeV. Owing to its correlated and
simultaneous production alongside with hadrons, a parent
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particle of an anomalous soft photon is likely to contain ele-
ments of the hadrons, such as a pair of light quark and light
antiquark. According to the Schwinger’s m?> = g2/ rela-
tionship between the coupling constant g and the boson mass
m of the composite fermion—antifermion pair interacting in
a gauge interaction in (1 + 1)D [154,155], the QED gauge
interaction will bring the quantized mass m of a ¢ g pair to the
mass range of the anomalous soft photons, when we consider
the QCD and QED coupling constants and the mass scale of
a QCD meson. It was therefore proposed in [149,150] that
a quark and an antiquark in a gg system interacting in the
QED gauge interaction may lead to new open-string bound
and confined QED mesons with a mass of many tens of MeV.
These QED mesons may be produced simultaneously along
with mesons in high-energy collisions [144—148], and the
excess eTe” pairs may arise from the decays of the QED
mesons [149,150]. The predicted masses of the isoscalar
I(J™)=0(0")and I(J™) = 1(07) QED mesons are about
13—17 and 36-38 MeV respectively [149, 150], which agree
approximately with the masses of the X17 [1,94] and the
E38 particles [142,143] subsequent observed. The tentative
agreement lends support to the possible QED mesons inter-
pretation of the anomalous particles of the X17, the E38, and
anomalous soft photons.

3.5.2 Can a q interact with a q in QED alone?

A serious question arises whether a light quark and a light
antiquark can ever be produced and interact in the QED inter-
action alone, without the QCD interaction. Actually, there
are circumstances in the decays from highly excited nuclear
states with the possible production of a light gg pair as in
Fig. 32a, the hadron+hadron — hadrons+(¢g)" reaction as
inFig.32b,andthe et +e~ — y* — g+q — (qq)" reac-
tion as in Fig. 32¢, when the CM energy, +/s(qq), of the pro-
duced g¢ pair lies in the range (my +mg) < /s(qq) < my.
In order to bring the produced gg pair in this CM energy
range to a possible stable state, the produced ¢ and g can
only interact with the QED interaction alone, because the
QCD interaction will otherwise endow the gg pair with a
CM energy beyond the range, in a contradictory manner.
For the production of X17 in “*He* and 3Be* decays at
ATOMKI [1,53], we envisage the scenario that the excited
states of *He(0~20.02 MeV) and ®*Be(17 18.15 MeV) are
formed by pulling a proton out of one of n alpha-particles
of the («)"-nucleus and by placing the proton on an orbital
that is considerably outside the corresponding tritium core as
shown in Fig. 32a. The stretched string-like strong interaction
between the proton and the tritium core polarizes the vacuum
so much that the strong interaction may lead to the production
of a gg pair. At the appropriate \/s(gg) eigenenergy, the
QED interaction between the ¢ and the g may result in the
formation of the gg bound state X17 [149,150], which is

D ! ! o, A’ hy hy hsX hy hs hg

Fig. 32 Feynman diagrams for the production of a QED mesons X
and hadrons /; in a low-energy “He* and 8Be* decays, b a high-energy
hadron-hadron collision, and ¢ a high-energy e e~ annihilation

subsequently emitted as the proton drops down to fill the hole
in the tritium core to reach the («)"”-nucleus ground state.
Such a production mechanism strong suggests that X17 may
also be produced from the excited states of other («)”-nuclei
in which a proton is pulled out from one of its alpha particles.
In this respect, the 2C((1+) 18.16 MeV) state with a width of
I" = 240 keV may be an interesting analog of the $Be*(1F
18.15 MeV) state with a width of I = 138 keV and may
likewise decay with the emission of an X17 particle.

In other processes as illustrated in Fig. 32b, ¢, many g¢q
pairs may also be produced in high-energy nuclear colli-
sions at Dubna [142,143], in high-energy hadron collisions
in anomalous soft photon production experiments [ 144—147],
and in high-energy e*-e~ annihilations in DELPHI experi-
ments [147,148]. The gg pairs may also be produced in high-
energy heavy-ion collisions at RHIC and LHC in two ways:
either through the production of gq pairs in the multiple col-
lision process similar to Fig. 32b, or through the coalescence
of quarks in the deconfinement-to-confinement phase tran-
sition of the quark gluon plasma. While most produced gg
pairs will lead to hadron production, there may be gg pairs
with (mg +mgz) < /5(qq) < my for which the QED inter-
action between the quark and the antiquark may lead to the
production of the X17 and E38 particles at the appropriate
energies. The observation of the E38 particle at Dubna sug-
gests that along with E38, the X17 particle with a mass of
17 MeV may also be produced in the same reaction at Dubna
with an even greater probability because of its lower mass.

3.5.3 How can qq be produced and confined in QED?

To answer the question how a gg pair can be produced and
confined in a QED meson, we note first of all that there are
two different types of QED U(1) gauge interactions possess-
ing different confinement properties [156—158]. There is the
compact QED U(1) gauge theory in which the gauge fields
A" are angular variables with a periodic gauge field action
that allows transverse photons to self-interact among them-
selves. Defined on a lattice, the compact QED U(1) gauge
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theory has the gauge field action [156—158]

1
S = 2 D (1 = cos Fy ap). (25)

x,af

where g is the coupling constant and the gauge fields are

Fx,aﬂ - Ax,(x + Ax+a,/5 - Ax+ﬂ,a - Ax,ﬂ’
with—7 < Ay o < 7. (26)

There is also the non-compact QED U(1) gauge theory with
the gauge field action [156—158]

1 2 .
§= 442 Y Fl.g. with —c0o <A, <400,  (27)

x,af

In non-compact QED gauge theories, the transverse photons
do not interact with other transverse photons. Even though
the compact and the non-compact QED gauge theories have
the same continuum limit, they have different confinement
properties. A pair of opposite electric charges are confined
in compact QED in (2 + 1)D and strong coupling (3+1)D,
but they are unconfined in weak coupling (3 + 1)D [156—
158]. They are unconfined in non-compact QED in (3 + 1)D
[156-158].

Which type of the QED U(1) gauge interaction does a
quark interact with an antiquark? As pointed out by Yang
[159], the quantization and the commensurate properties of
the electric charges of the interacting particles imply the com-
pact property of the underlying QED gauge theory. Because
(i) quark and antiquark electric charges are quantized and
commensurate, (ii) quarks and antiquarks are confined, and
(iii) there are experimental evidences for possible occurrence
of confined gg QED mesons states as we mentioned in the
Introduction, it is therefore reasonable to propose that quarks
and antiquarks interact with the compact QED U(1) interac-
tion.

In compact QED, Polyakov [156,157] showed previously
that a pair of opposite electric charges in (2 + 1)Dy,1 2 ;0
space-time are confined, and that the confinement persists for
all non-vanishing coupling constants, no matter how weak.
As explained by Drell and collaborators [158], such a con-
finementin (241)Dy,1 ,2 0, arises from the angular-variable
property of Ay and the periodicity of the gauge field action
as indicated in Eq. (25). Such gauge periodicity in the neigh-
borhood of the produced opposite electric charges leads to
self-interacting transverse gauge photons. These transverse
gauge photons interact among themselves, they do not radi-
ate away, and they join the two opposite electric charges by
a confining linear interaction.

We can use the above Polyakov’s result in compact QED
in (2 + 1)D as the starting point to construct a model of a
quark and an antiquark produced and confined in a QED
meson. We envisage the production of the gg pair at the
eigenenergy /s(gg) of the QED meson and take the quark
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(a) Electric and magnetic lines of force of a QED meson
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(b) Lattice description of the above QED meson

Fig. 33 aThe 3D yo-yo motion for the bound state, reaching a momen-
tary snapshot of the flux tube in the stretch (2 + 1)D configuration. b
The upper figure transcribed in terms of the lattice link and plaquette
variables

charge to be positive, which can be easily generalized to other
cases. We consider the production of the gg charge pair at
(x', x2, x3) = 0 with the antiquark separated initially from
the antiquark along a direction chosen to be the longitudi-
nal x> direction at an incipient separation Ax>. The creation
of the gq charge pair is accompanied by the creation of the
gauge fields A, E,and B(= V x A). We can apply Polyakov’s
result to infer that the produced charges and the QED gauge
fields are confined in (2 + 1)Dy,1 2 0y transversely at the
x3 ~ 0 plane. We can now stretch the antiquark longitudi-
nally along x3 away from the quark at x> = 0 to execute the
3D yo-yo motion for the bound state, reaching a momentary
snapshot of the flux tube in the stretch (2 + 1)D configuration
shown in Fig. 33a. We can transcribe Fig. 33a in terms of the
lattice link and plaquette variables in Fig. 33b, by follow-
ing the Hamiltonian formulation and the notations of Drell
et al. [158]. Specifically, in the A = 0 gauge we specify
the canonical conjugate gauge fields A and E at the links in
Fig. 33b, where we display only the A', A% and E> values of
the conjugate gauge fields. The magnetic field B associated
with the plaquettes can be determined as the curl of A and is
directed along x* in Fig. 33a, b. The magnetic field B sends
the quark and antiquark charges into the appropriate Landau
orbitals to execute transverse zero-mode harmonic oscilla-
tor zero-point motions on their {x L %2y planes. At the QED
mesons eigenenergy, the electric field £ and the magnetic
field B along the longitudinal x* direction send the quark
and the antiquark in longitudinal 3D yo-yo motion. The pos-
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itive electric quark charge fractions (solid circles in Fig. 33b)
reside at the x> = 0 plaquette vertices and the negative elec-
tric antiquark charge fractions (open circles in Fig. 33b) at
the antiquark plaquette vertices at the x> plane. The trans-
verse gauge fields A on the transverse links are copies of
those on the quark and the antiquark plaquettes, and they are
unchanged in the stretching, while the longitudinal links are
all E3 = |E|/4. Consequently, the self-interactions of the
transverse gauge fields that initially confine the charges and
the gauge field transversely will be retained and the cloud
of gauge fields will continue to interact with each other to
maintain the transverse confinement.

With transverse confinement and E and B aligned along
the x3 direction, it remains necessary to study longitudinal
confinement, dynamical quark effects, and spontaneous chi-
ral symmetry breaking. Therefore, we idealize the flux tube
in stretch (2 + 1)D as a longitudinal string in (1 + 1)Dy,3 0,
and approximate the quarks to be massless. With massless
quarks in QED in (1 + 1)Dy,3 0, there is a gauge-invariant
relation between the quark current j* and the gauge field A*
as given by [154,155,160]

WA,

= —Ean g o v=073  (28)
T

9,0*
On the other hand, the gauge field A depends on the quark
current j" through the Maxwell equation,

9,("AY —3VAM) = —gj*, u,v=0,3. (29)
Equations (28) and (29) lead to —[JA* = (gz/n)A“ and
—Oj* = (g%/m) j*, with j” and A” self-interacting among
themselves and building a longitudinal confining interac-
tion between the quark and the antiquark in (1 + 1)D. As
a consequence, in accordance with Schwinger’s exact solu-
tion for massless fermions in QED in (1 + 1)D [154,155],
the light quark and the light antiquark interacting in QED
will be longitudinally confined just as well and will form a
stable QED quark-antiquark system. Possessing both trans-
verse and longitudinal confinements as in an open-string,
such a stable QED state may be experimentally observed as
a QED mesons. By using the method of bosonization, we
obtain the masses of the lowest-energy states of the open-
string QED mesons which adequately match those of X17
and E38 [149,150] to support its approximate validity.

3.5.4 How can QED mesons be detected?

The QED mesons can be detected by the invariant masses
of their decay products. In a QED mesons the quark and the
antiquark can annihilate, leading to the emission of two real
photons (y1y2) as in Fig. 34a, two virtual photons (y;*y,") or
two dilepton (eTe™) pairs as in Fig. 34b, or a single (eTe™)
pair as in Fig. 34c. We can make an order of magnitude esti-
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Fig. 34 Feynman diagrams of a QED meson decaying into a photon
pair

mate on the decay width of X17 into two photons as depicted
inFig. 34a. From Eq. (89.3) of [161], we have for X17— yy,

2 2 2 2
1 1 2 4o
FX17 - yy) = {5[<5> - <§> ] O,

(30)

where ¥ (0) is the wave function at the origin. The wave
function at the origin can be estimated from the size of the
QED mesons | (0)]> ~ 1/7R%L., where Ry ~ 0.4 fm
[150] and the longitudinal length L, ~ 7.15 fm as estimated
from Table 2 for the lowest QED mesons state in Ref. [151].
For the X17 with a mass of 17 MeV, I'(X17 — yy) ~
0.4 MeV.

From the total width and the branching ratio into ete™ in
ATOMKI measurements [1,53], the X17 width I"'(X17 —
eTe™) can be estimated to be 4.2 eV from “He decay and
0.828 eV from ®Be decay. The knowledge of the approximate
widths may facilitate future searches for the QED mesons.

In high-energy heavy-ion collisions at RHIC and LHC,
one expect copious production of gg pairs either from the
multiple collision process or from the coalescence of quarks
and antiquarks in the confinement-to-deconfinement phase
transitions. Among the produced ggq pairs, there will be
some pairs whose invariant masses match the QED mesons
eigenenergies to lead to the production of QED mesons. For
these produced QED mesons, the decay into two virtual pho-
tons via Fig. 34b offers an interesting tool for the search of
the anomalous particles. Specifically, a decay into two virtual
photons involves the measurement of the momenta of four
final leptons which requires a high degree of correlation. As
a consequence, the experimental noises of chance coinci-
dences may be significantly reduced. One can construct the
sum and the difference of the invariant momenta square of

the virtual photon 4-momenta, P = /(py: + pyz*)z, and

0= /=Py — p),z*)z. The virtual diphoton pair distribu-

tiondN (P, Q)/dP dQ at RHIC and LHC will provides use-
ful information to search for the QED mesons.
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3.5.5 Conclusions and discussions

The observations of the X17 particle, the E38 particle, and
the anomalous soft photons raise many interesting questions
on the nature of these anomalous particles. While most theo-
retical discussions center on the elementary particle possibil-
ities [98], we examine here the description of these anoma-
lous particles as composite states of a quark and an anti-
quark interacting in compact QED. We propose a model of
the production and the confinement of a quark and an anti-
quark in a QED meson by combining Polyakov’s transverse
confinement of opposite electric charges in compact QED
in (2 + 1)D and Schwinger’s longitudinal confinement in
QED in (1 + 1)D. The important ingredients are (i) the self-
interactions of the transverse photons in compact QED that
confine the gauge fields and the opposite electric charges
transversely in (2 + 1)D [156,157], (ii) the stretching of the
(2+ 1)D with incipient longitudinal separation to come to the
longitudinal flux tube configuration in a 3D yo-yo motion,
(iii) the idealization of the longitudinal flux tube of the stretch
(2 + 1)D configuration as a string in (1 + 1)D and the light
quarks as massless, and finally (iv) Schwinger’s solution of
longitudinal confinement of massless quarks in QED (1 + 1)D
[154,155], resulting in a bound and confined gg as a com-
posite QED mesons state. The quark and the antiquark in a
QED mesons are essentially electric charge monopoles and
Polyakov’s magnetic monopoles in dynamical motion. If this
picture of a ¢ and a g interacting in compact QED interac-
tions is correct, it will imply that a quark and an antiquark
obey QED laws that differ from those for an electron and a
positron.

It will be of great interest to study in future lattice gauge
calculations the problem of quark confinement and gg bound
states in compact QED for quarks with different color and
flavors in the stretch (2 + 1)D configuration, with the proper
quantization and dynamical light quarks.

4 Beyond the Standard Model experimental searches
for X17

4.1 X17 production mechanisms at accelerators

Luc Darmé!, Mauro Raggi 2 Enrico Nardi3

Institut de Physique des 2 Infinis de Lyon (IP2I), UMRS5822,
CNRS/IN2P3, F-69622 Villeurbanne Cedex, France
Dipartimento di Fisica, Universita di Roma La Sapienza and
INFN, Sezione di Roma, I-00185 Rome, Italy

Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali
di Frascati, C.P. 13, 00044 Frascati, Italy

Abstract The signal observed in the ATOMKI experiment
can be interpreted in terms of a new particle of 17 MeV,
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light enough to be produced in a broad range of accelerator-
based experiments. We review and briefly discuss various
production mechanisms and their relevance depending on
the nature of the putative X7 boson. A particular focus is
given on its resonant production in a positron beam dump
facility.

4.1.1 Introduction

The anomaly observed by the ATOMKI experiment in the
et e angular correlation spectra in 8Be and “He nuclear tran-
sitions [1,53], can be interpreted in terms of a new boson X7
produced on shell and promptly decaying into an electron-
positron pair. Nuclear decays of both isotopes point with
remarkable precision to the same mass window:

16.70 £ 0.35 (stat) £ 0.5 (syst) MeV

(*Be[1])
My = 3D
16.95 £ 0.10 (stat) &= 0.21 (syst) MeV

(“He [53]).

Such a small mass implies that this hypothetical particle is
potentially accessible in accelerator experiments with low
center-of-mass (CoM) energy such as e™ and e~ beam dump
experiments, as well as in the decays of light mesons.

In order to fix notations, when presenting explicit for-
mulae, we will assume that X7 is a vector particle, whose
interaction with the lightest leptons and quarks is given by
the following Lagrangian:

L CgVuey'e+ Y gVuar'q. (32)
qCu,d

However, we stress that the nuclear data are currently not
sufficient to fully determine the spin/parity quantum num-
bers of X7 beyond its bosonic nature (see [39,67,68] for
recent works in this direction). We will thus discuss also the
possibility of a pseudo-scalar X7, and briefly touch on the
axial-vector cases.

The signal consists of electron-positron pairs originating
from the decay of the excited nuclei, whose correlation angle
is precisely measured in the ATOMKI spectrometer. This
implies that the X 17 must couple at the fundamental level to
electrons as well as to quarks in order to be produced, whence
the Lagrangian in Eq. (32).

In fitting the ATOMKI hint, the couplings to quarks appear
dominantly in the combination g, + g4, and with relatively
large values, at the few 1073 level. The X7 interaction with
electrons must also be at the per-mil level to allow for X7
leptonic decays within the ATOMKI apparatus. Altogether,
the decay width must be dominated by ete™ final states and
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is rather small:

g?
127

8e )2. (33)

Iy >~
X 0.001

MX~0.SeV><<

The experimental facilities at accelerators with the poten-
tial to probe such particle can be broadly classified as follow:
first, proton-based beam dump, which include all the cur-
rently running beam neutrino experiments, as well as Kaon
factories. While they typically have access to very large inten-
sity, these experiments suffer from large backgrounds. The
study of mesons decay has proved nonetheless successful,
with the dominant constraints on the X7 arising from 7°
decays [116]. Second, electron-positron colliders can pro-
duce efficiently the X7, but generally suffer from poor back-
ground rejection since the small X7 mass implies that its
decay products have little pr compared to the CoM energy.
Finally, e* beam dumps feature good production rates and a
relatively clean background environment. Some of the most
competitive limits currently come from the NA64 [15,138]
e~ beam dump experiment.

We will describe in more detail the features of these exper-
imental strategies in Sect. 4.1.2. Then, in Sect. 4.1.3 we will
provide a first estimate of an alternative approach which relies
on the resonant production of X7 in positrons beam dump
experiments.

4.1.2 Review of productions mechanisms

The experimental approaches to search for the X7 can be
divided into two broad classes: in the first one the X7 is
produced via its coupling to the quarks, in the second one via
its coupling to e™.
Production via X17-quark couplings The X 17 is expected to
interact rather strongly with the nucleons given the amplitude
of the signal seen in the ATOMKI experiment. Thanks to
its small mass, the X7 could thus be produced in several
different rare mesons decay. However these processes have
a strong dependence on the nature of the particle, and on the
details of its interaction with quarks.

If the X7 is a spin-1 vector state, the main channels are:

- 7%= v X17 (followed by X7 — e*e™). This channel
has been thoroughly explored by the NA48 collabora-
tions [116], who has set rather strong limits. The cor-
responding bounds can however be evaded by assuming
that the X 17 exhibits a certain amount of piophobia, which
in turn implies that the X7 is also protophobic [8,39,57].

— J/W rare decays. This channel has been studied in
Ref. [162]. It relies on assuming that the X7 also cou-
ples to the charm quark. Therefore it basically constrain
a flavour-universal X7.

- B* — BX\7, D* — DXy rare decays. This channel
provide loose limits on X7 quark couplings, which are
complementary to those from 7 decays [162].

If the X7 is instead an axial-vector, the leading limit from 70
decays does not apply. However, since such an object cannot
couple to a SM conserved current, other strong limits come
into play [41,107,163,164].

If the X7 is a pseudo-scalar particle (ALP), several other
mesonic decay channels become relevant:

— Direct ALP/7” mixing enhances the 7° electromagnetic
decay: 70 — X17 — ete™ [59,60].

- 7% > X17X17X17 — 6e and other multi-lepton
final states are also allowed, and can lead to signif-
icantly stronger constraints due to the reduced back-
grounds [136].

- K — 7 X17, K — pvXi7. Flavour-violating decays of
heavier mesons also become enhanced, and can proceed
even in absence of X7 flavour-violating couplings [58—

60].

Finally, in the case where the X7 has additional flavour
violating couplings, many additional channels become avail-
able both in lepton and in “standard” flavoured meson decays.

Production via X17-lepton couplings The cm-scale of the
ATOMKI apparatus provides an absolute lower bound on
the X7 electron couplings (for our reference vector case,
ge = 107%). Covering this region would provide a defi-
nite answer regarding the new physics origin of the anomaly.
Additionally, the nature of the particle plays a smaller role
in lepton-based production rates, allowing for more model
independence. In practice, the lower limit on g, is already
covered by strong constraints from historical beam dump
experiments as recast in [165, 166]: in particular E141 [167],
and two other experiments at KEK [168] and at the Orsay
linac [169]. The main X7 production mechanism in these
facilities is the bremsstrahlung process off a nucleus N,

20t Z*

eN — eNXy7, 16722 M_A%(’

with oprem X

(34)

where Z is atomic number of the target atom, and we have
left out order one coefficients. In this production process the
X 17 carries away a relevant fraction of the beam energy, and
the typical propagation length before its decay is given by:

2
EX17 3- 10_4
' -3 , 35
YXx174X17 cm x (100 GGV) ( 8e 2

where we have assumed Ex; ~ Epeam. This allows for a
quite effective search strategy in which the X7 displaced
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decays are search in a shielded detector. For the spin-1
X17 case one can be sensitive to couplings as large as
ge ~ 107>, The dominant constraint arises from the E141
experiment: g, > 5.5 - 107>. However, this limit occurs
near the mass threshold of the experimental sensitivity where
the use of the Weizsicker—Williams approximation in the
recast [165,166] could have led to an overestimate of the
experimental reach [170]. A more conservative approach
then retains the somehow weaker limit g, > 2 - 1073, cor-
responding to the KEK and Orsay constraints, which have
been recast according to a theoretically more solid ground.

The same strategy has been exploited recently by the
NAG64 collaboration, that has repurposed its missing energy
detector into a very short baseline beam dump experi-
ment [15,138]. In particular, recent results of the collabo-
ration exclude the g, range ~ 2 - 107% t0 3.5 - 1079 [15]
for the case of a vector X 7. Note that if the X7 is instead a
pseudo-scalar, the balance between the production rates and
its lifetime is modified, weakening the NA64 exclusion [138].

The strongest upper limit on the coupling to electrons is
obtained in eTe™ colliders from the associate annihilation
process

2
. g1
with o, x,; ﬁ;, (36)

ete” — y X,

where /s is the center-of-mass energy, and we have omit-
ted order one factors. The analysis of the KLOE collabora-
tion [171] has yielded the limit g, < 6 - 107*. Note that a
somewhat stronger limit could be obtained from the anoma-
lous magnetic moment of the electron, under the assumption
of no additional compensating new physics (NP) contribu-
tions. However, the experimental situation for this observable
is not currently clear, with two competing measurements dis-
agreeing with the SM prediction at around 3o, but in opposite
directions [91, 140]. Additionally, complete NP models real-
ising the required protophobia for the X7 typically introduce
a rich UV particle content, thus making any limit derived
from (g — 2), strongly model dependent. We have sum-
marised the current status of accelerator-based leptons search
in Fig. 35 based on the data collated from DarkCast [172].

As a final comment, a somehow orthogonal experimental
direction is to look for the X7 from u decays in the Mu3e
experiment [173]. Photo-production via the yN — Nete™
has been also recently advocated in [174].

4.1.3 Resonant X17 production

In this section we focus on the resonant production of the
X17 in positron beam dump experiments via the process:

ete™ — X7 (followed by X17 — eTe™ ).
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Fig. 35 Dominant constraints on the couplings of a new vector boson
with ¢* from accelerator-based experiments only. We show the limits
from KLOE [171] (orange region), NA64 [15] (blue region), E141 [167]
(green region) and the KEK and Orsay experiments [168,169]. The red
band represents the X7 mass target from [53]

Resonant production strategy In general, the use of positrons
in a beam dump setup involves a trade-off. Indeed, producing
and accelerating positrons implies certain losses in intensity
and energy, since positrons are usually obtained from a pri-
mary electron beam via pair production of bremsstrahlung
photons. On the other hand, the production rate increases
dramatically if the CoM energy of the e™e™ system matches
precisely Mx ~ 17 MeV. For ultra-relativistic positrons
impinging on target electrons assumed at rest, the resonant
condition is achieved for a beam energy:

M5
T 2m,’

E, (37)

The X7 is then produced with precisely £ of energy in the
lab frame and a correspondingly relatively small boost:

Mx
YXiqres. = s
17 zme

~17. (38)
This implies that resonantly produced X7 bosons will have a
limited decay length, thus making displaced vertex searches
quite challenging. Two experimental strategies can be con-
sidered to obtained positrons of the required energy:

— Use the energy loss and secondary e™e™ production from
electromagnetic showers in the target to “scan” various
positron energies [175-179]. This requires a target with
thickness of the order of one radiation length. However,
while this strategy is particularly well-suited to study
missing energy signatures when the light particle escape
the detector, the background from the electromagnetic
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shower will likely swamp the X7 prompt decay signa-
ture.

— Directly scan with the beam energy around the resonance.
Since the mass of the X7 particle must lie in the rather
limited range given in Eq. (31), according to Eq. (37) itis
sufficient to vary the beam energy approximately within
the range [270—290] MeV. Since for resonant production
the rate is strongly enhanced, very thin targets can be
employed in order to reduce the background.

Focusing on this second approach, let us consider the case
in which the particle width, although small, is not too narrow
so that the energy distribution of the positrons in the beam can
still be considered as continuous. In the CoM of the collision,
this corresponds to the requirement

I'yMy 1 (Ntot(E)>( 8e

2m, SE o (E) 4.10* J\2. 104

2
) > 1 69
where N (E) is the total number of positron with energy E,
and we have assumed a beam energy spread 6 E ~ 0.7 MeV.
As long as the energy distribution of the positrons can be
considered as continuous, in absence of additional photon
radiation the resonant cross-section is given by:

2

Ores = - 8(Ey — Erey). (40)
2m,

The delta-function directly encloses the suppression due to
the narrow width. It is instructive however to estimate the
peak cross-section for an incoming e with precisely the
X7 resonant energy E; = Ey.s. We obtain:

(41)

17 MeV
Goeak ~ 50 b x (—e)

X

This value translates into a mean free path in a carbon target
of around 200 pm. Thus, each positron with precisely the
resonant energy will produce a X7 with near certainty, even
in sub-millimetric targets. The ge2 suppression from Eq. (40)
in fact arises because such “peak” positrons are exceedingly
rare due to the narrow X 17 width, highlighting the importance
of the “continuous” condition, Eq. (39). All in all, the final
number of produced X7 for Ny positron-on-target is given
by

83 d foeam
A 2m, dE

(Eres), (42)

where L, and p are respectively the target thickness and
density, and we have assumed that the target is sufficiently
thin that the differential energy distribution d’;}’% is not sig-
nificantly modified along the positrons path through it.

10°
10°4
1041
103_
1024
104
1091
10714
1072

C target 100um —— 10""poT, 8E=1.4 MeV,8runs

= 2.10'""poT , 6£=0.7 MeV, 16 runs

Ny, et e~ = X7y, Ep=550MeV

Ny, gve=€e=1- 104

Ny, Brem., E,~550MeV

16.8 17.0 172 175

Mx [MeV]

16.5

Fig. 36 Number of produced X7 boson in a PADME-like experimen-
tal setup, assuming either a beam spread § E of 0.7 MeV with an inte-
grated 2-10'! poT (green curve) or §E = 1.4 MeV with 10'! poT (blue
curve). The X7 coupling with electron is fixed at g, = 1074

Results: X7 resonant production search at LNF The DA®NE
beam facility at Laboratori Nazionali di Frascati (LNF) offers
interesting prospects for a X 17 search based on resonant pro-
duction. In particular, the LNF accelerator complex can pro-
vide a positron beam and can vary its energy in the required
range. Assuming a typical carbon target (with electron den-
sity of 10%* cm™3) of 100 wm such as the one actually in
use in the Positron Annihilation into Dark Matter Experi-
ment (PADME) [180, 181], the expected X7 production rate
is approximately given by:

per poT _ 107 e 2 (/1 MeV
AT 23810 x(3.10_4> ( ) @

where we have assumed a beam energy centered on Ej.

We further illustrate this result in Fig. 36 in a more real-
istic scanning strategy, where a total number of poT of order
10'! is divided into several runs at different energies, in order
to properly cover the X7 mass range. The number of runs
needed to cover this range depends on the beam spread. Thus,
while reducing é E would enhance the production, more runs
are then required to scan the whole mass range, with the
overall statistics for each energy bin accordingly reduced.
Nevertheless, reducing § E as much as possible would still
represent an important asset, in that it will increase the signal-
to-noise ratio, and hence the experimental sensitivity. A thor-
ough study including background estimations and projected
limits can be found in [182].
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4.1.4 Conclusion

The lightness of the X7 hypothetical NP particle hinted by
the ATOMKI data implies that it can be produced in an very
large number of processes. This offers a precious opportu-
nity to provide an independent cross-check to the nuclear
physics experiment. We have provided a short review of the
various experimental analysis that constrain the X7 proper-
ties, recasting the existing limits depending on its couplings
to quarks and leptons.

In this landscape, we have argued that electron/positron-
based facilities are well-placed in that they provide a rel-
atively model-independent way of testing the existence of
the X7 solely via its coupling to e*, which are unavoidably
required for a particle physics interpretation of the ATOMKI
anomaly. In particular, the resonant production mechanism
can play an important role to help closing in a not-so-far
future the remaining parameter space. In this regard we have
presented an estimate of the production rate in an LNF-based
facility, leveraging the current experimental setup.

4.2 Search for dark photon in 7% decays by NA48/2 at
CERN

Evgueni Goudzovski
School of Physics and Astronomy, University of Birming-
ham, Edgbaston, Birmingham, B15 2TT, UK

Abstract A sample of 1.69 x 107 fully reconstructed 70 —
yete™ decay candidates collected by the NA48/2 experi-
ment at CERN in 2003-2004 has been analysed to search for
the dark photon (A’) production in the 70 — y A’ decay fol-
lowed by the prompt A’ — eTe™ decay. No signal has been
observed, and an exclusion region in the plane of the dark
photon mass m 4 and mixing parameter £> has been estab-
lished in the mass range 9 MeV/c? < m 4 < 120 MeV/c2.
The results can readily be interpreted in terms of the X17
particle production and decay.

4.2.1 Introduction

Kaons represent a source of tagged neutral pion decays,
and high intensity kaon experiments provide opportunities
for precision 7 decay measurements. The NA48/2 exper-
iment at the CERN SPS [183,184] collected a large sam-
ple of charged kaon (K¥) decays in flight, corresponding
to about 2 x 10" K* decays in the fiducial decay volume.
This allows selecting a pure sample of Dalitz decays of the
neutral pion, ng — yete™, through the reconstruction of
K* — 7%70% and K+ — 7%ty decays (denoted Ko,
and K,3). A search for dark photon production and prompt
decay via the chain 70 — yA’, A’ — eTe™ based on the
above sample, reported in detail in Ref. [185], is discussed
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here. The expected branching fraction of the 7° decay into
the dark photon is [186]

2

3
B0 — yA) =26 (1 — ZTA) BA" - yy), (44

70

where ¢ is the kinetic mixing parameter, and the search results
in the mass range 9 MeV/c? < my < 120 MeV/c? are
reported in terms of both the both the branching fraction
AB(r® — yA’) and the corresponding ¢ value.

4.2.2 Beam, detector and data sample

The NA48/2 experiment [183,184] used simultaneous K+
and K~ beams produced by 400 GeV/c primary CERN
SPS protons impinging on a beryllium target. Charged par-
ticles with momenta of (60 + 3) GeV/c were selected by
an achromatic system of four dipole magnets which split
the two beams in the vertical plane and recombined them
on a common axis. The beams passed through collimators
and quadrupole magnets, and entered a 114 m long cylindri-
cal vacuum tank containing the fiducial decay region. Both
beams had an angular divergence of about 0.05 mrad, a trans-
verse size of about 1 cm, and were aligned with the longitu-
dinal axis of the detector within 1 mm.

The vacuum tank was followed by a magnetic spectrome-
ter housed in a vessel filled with helium at nearly atmospheric
pressure, separated from the vacuum by a thin (0.3%Xy)
Kevlar window. An aluminium beam pipe traversing the
centre of the spectrometer (and all the following detectors)
allowed the undecayed beam particles to continue their path
in vacuum. The spectrometer consisted of four drift chambers
(DCH): DCH1, DCH2 located upstream and DCH3, DCH4
downstream of a dipole magnet. The DCH momentum reso-
lution was 0, /p = (1.02 & 0.044 - p)%, with p expressed
in GeV/c. The spectrometer was followed by a plastic scin-
tillator hodoscope (HOD) consisting of a plane of vertical
and a plane of horizontal strip-shaped counters arranged in
four quadrants. The HOD provided time measurements of
charged particles with 150 ps resolution. It was followed
by a liquid krypton electromagnetic calorimeter (LKr), an
almost homogeneous 27 X( deep ionisation chamber seg-
mented transversally into 13,248 projective cells. The LKr
energy resolution was oz /E = (3.2/~E ®9/E & 0.42)%,
with E expressed in GeV.

The NA48/2 experiment collected data in 2003-2004,
with about 100 days of efficient data taking in total. A two-
level trigger chain was employed to collect K * decays with at
least three charged tracks in the final state. At the first level
(L1), a coincidence of hits in the two planes of the HOD
was required to occur in at least two of 16 non-overlapping
regions. The second level (L2) performed online reconstruc-
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tion of trajectories and momenta of charged particles based
on the DCH information. The L2 logic was based on the mul-
tiplicities and kinematics of reconstructed tracks and two-
track vertices.

4.2.3 Event reconstruction and selection

The two selections employed for K>, and K3 decays fol-
lowed by the prompt 7° — yA’, A’ — ete™ decay chain
are identical up to the momentum, invariant mass and particle
identification conditions.

Three-track vertices are reconstructed by extrapolation of
track segments from the upstream part of the spectrometer
into the decay volume. Particle identification is based on
energy deposition in the LKr calorimeter and momentum
measured by the spectrometer, and the presence of a three-
track vertex formed by a pion (7 %) or muon (u®) candidate
and two opposite sign electron (e*) candidates is required.
Tracks are required to be in the fiducial geometric accep-
tances of the DCH, HOD and LKr detectors, and well sep-
arated in the DCH1 plane to reject photon conversions. A
single isolated LKr energy deposit cluster is considered as
a photon candidate. The photon candidate is required to be
compatible in time with the tracks, and separated from the
electron (pion, muon) impact points.

An event is classified as a K»; or K3 candidate based
on the presence of a pion or a muon candidate, total and
transverse momentum requirements, and mass and missing
mass requirements. In particular, the reconstructed invariant
mass of the eTe ™y system is required to be compatible with
the nominal 7% mass m 0 [Meey —mo| < 8 MeV/c?, which
corresponding to &35 times the resolution on n,,, . Finally,
the search for resonances includes a |m,, —m g/| < Am(m 4r)
condition, where m 4/ is the assumed dark photon mass, and
Am(m ) is the half-width of the search window depending
on the resolution.

4.2.4 Search for the dark photon signal

The number of K+ decays in the 98 m long fiducial decay
region is computed using the K* — 770 Dalitz decay
selection to be

Nk = (1.57 £ 0.05) x 10'!, (45)

where the uncertainty on Nk is dominated by the limited pre-
cision on % (ng). The number of ]T([)) decay candidates recon-
structed with the joint K>, and K3 Dalitz decay selection
is 1.69 x 107. The reconstructed spectra of invariant masses
moy and m,, for data and simulated events passing the Ko
Dalitz decay selection are shown in Figs. 37 and 38.

A scan for a dark signal in the mass range 9 MeV /c? <
my < 120 MeV/c? has been performed. The lower bound-
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Fig. 37 Invariant mass (m2, ) distribution of data and MC events pass-
ing the K7, selection. The signal mass region is indicated with vertical
arrows
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Fig. 38 Invariant mass (m,,) distribution of data and MC events pass-
ing the K7, selection. A dark photon signal would correspond to a spike
in the m,, distributions

ary of the mass range is determined by the limited accuracy of
the ng background simulation at low eTe™ mass. The reso-
lution on m,, as a function of m,, evaluated with simulations
is parameterised as

O (Mee) = 0.067 MeV /c® + 0.0105 - mee, (46)

and varies in the range 0.16—1.33 MeV/c? over the mass range
of the scan. For each considered mass value, the number
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Fig. 39 Upper limits obtained for Z(7° — y A’) at 90% CL for each
dark photon mass value m 4/

of observed data events Nops is compared to the expected
number of background events Neyxp obtained using the full
simulation of the ng background [187,188] shown in Fig. 38.

The local significance of the possible signal never exceeds
30, and upper limits at 90% CL for the number of A" —
e*e™ decay candidates for each dark photon mass hypothesis
are obtained. Finally, upper limits at 90% CL of the branching
fraction (7 — y A’) evaluated for each dark photon mass
value, with the assumption of prompt decay and #(A" —
ete™) = 1, are shown in Fig. 39. These limits are 01079
and do not exhibit a strong dependence on m 4/, as the mass
dependences of nlo) background level (Fig. 38) and signal
acceptance largely compensate each other. It should be noted
that the signal acceptance, and therefore the reported limits of
A" — yA’), depend on the assumed angular distribution
ofthe A’ — eTe™ decay, which affects interpretations within
alternative new physics models.

The sensitivity of this search is limited by the irreducible
ng background. In particular, the upper limits of (7% —
y A’) obtained are two to three orders of magnitude above
the single event sensitivity. The achievable upper limit on
A — yA') scales as the inverse square root of the inte-
grated beam flux, which means that the possible improve-
ments to be made with this technique using for example a
larger di-electron dataset collected by the NA62 experiment
in 2016-2018 [189,190] are modest.

The details of this analysis are reported in Ref. [185]. A
more recent review of the dark photon searches is available
in Ref. [191]. Further prospects of hidden-sector searches in

@ Springer

kaon decays with the presently available and future datasets
are discussed for a broad range of scenarios in Ref. [134].

4.2.5 Conclusions

A search for the dark photon production in the 70 — y A’
decay followed by the prompt A’ — eTe™ decay has been
performed using the data sample collected by the NA48/2
experiment in 2003-2004. No signal is observed, providing
upper limits of &'(107°) the branching ratio Z(7° — y A’)
in the mass range 9—120 MeV/c?.

4.3 Prospects for dark photon searches in the Mu3e
experiment

Ann-Kathrin Perrevoort, on behalf of the Mu3e Collabora-
tion

Institute of Experimental Particle Physics, Karlsruhe Insti-
tute of Technology

Abstract The Mu3e experiment will search for the lepton-
flavour violating decay u* — eTe~e™ with an unprece-
dented sensitivity of one in up to 10'® muon decays. The
recorded data set will also be suited to search for ete™ res-
onances in T — ete~eTvv. In the following, a sensitiv-
ity study of the phase I Mu3e experiment to dark photons
emitted in muon decays with prompt decay to eTe™ pairs is
presented.

4.3.1 The Mu3e experiment

In the Standard Model (SM), lepton flavour is conserved in all
interactions. As there is no underlying global symmetry for
this conservation, lepton flavour is violated in many exten-
sions of the SM. While indeed the existence of lepton flavour
violation (LFV) has already been proven by the observation
of neutrino oscillations, in the charged lepton sector LFV has
evaded observation so far.

The signature searched for by the Mu3e experiment [192]
is the LFV decay u™ — eTe~e™. Even if neutrino mixing is
integrated in the SM, this decay is suppressed to unobservable
branching fractions of ¢/(107%), and thus any observation
of u™ — ete~ e’ would be an unambiguous sign of physics
beyond the SM.

The Mu3e experiment aims to search for ut — ete~e™
down to branching fractions of 2 x 10~ in the first and
below 10719 in the second and final phase of the experiment.
The phase I experiment is currently being built at the Paul
Scherrer Institute (PSI). It will be operated at muon stop-
ping rates of 108 /s at an existing beamline. The phase II
experiment will require rates in excess of 10° /s which will
become available at the planned high intensity muon beam-
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line at PSI. In the following, only the phase I experiment is
discussed.

The main backgrounds in Mu3e are the rare muon decay
ut — ete~eTvvas well as accidental combinations mainly
of Bhabha scattering events with positrons from another
Michel decay. The first can only be distinguished from signal
by the missing energy that is carried by the undetected neutri-
nos, and thus requires an excellent momentum measurement.
The latter can be suppressed by precise tracking and timing
measurements.

The Mu3e detector is constructed as a lightweight track-
ing detector in order to minimise uncertainties from multiple
Coulomb scattering and to reduce the occurrence of acci-
dental background. A schematic of the Mu3e experiment is
shown in Fig. 40. The detector is placed in a 1 T solenoidal
magnetic field. The incoming muons are stopped on the hol-
low target in the center of the experiment and decay at rest.
The central tracking detector is constructed from four layers
of ultra-thin pixel sensors with an additional scintillating fibre
detector. In the large magnet bore, the electrons curl back to
the detector and are measured again in the recurl stations
up- and downstream of the central detector which are built
from pixel sensors and scintillating tiles. Due to the increased
lever arm, the momentum resolution of these recurling tracks
is significantly improved. The detector is continuously read
out. All events are reconstructed in the online filter farm but
only events containing a potential 4 — eee candidate are
kept for offline analysis.

It has been shown in simulation studies that the phase I
Mu3e experiment can be operated free of background. A
single-event sensitivity on the branching fraction of

B(ut — ete~e) ~ 2 x 1071 can be achieved — pushing
the current best limits obtained by SINDRUM [193] by three
orders of magnitude.

4.3.2 Dark photon searches

The Mu3e experiment will record an unprecedented data set
of ©'(10'%) muon decays with three electrons in the final state
in phase I. As there is a priori no selection on the kinematics
of u — eee candidates during data taking, this data set can be
exploited for other BSM searches, e.g.on eTe™ -resonances
input — ete et
The sensitivity to such processes has been estimated with a
dark photon model [19]. The dark photon A interacts through
kinetic mixing with the photon and Z boson and thus couples
to the electro-magnetic current. In Mu3e, this decay can only
be detected if the dark photon subsequently decays into an
ete™ pair. The respective Feynman diagrams are shown in
Fig. 41.
In the sensitivity study presented here, prompt A" —
e~ decays are investigated. Such a study has been
performed previously [19] however with simplifications
on the detector geometry and the expected backgrounds.
In the following, signal events are generated with Mad-

e e vv.

et

Graph5_aMC@NLO 2.4.3[194] using the Lagrangian from [19],

and the detector response is simulated with the full Geant4 [195]
based Mu3e detector simulation. Signal events are simulated
for dark photon masses m 4 between 2 MeV and 80 MeV.
Larger m 4/ in the reach of Mu3e are already excluded by
existing experimental limits. The sources of background are
the same as in the @ — eee search. The same online and
offline reconstruction is applied.

Selections on the quality of the track and vertex recon-
struction as well as the distance of the reconstructed ver-
tex to the target are applied which are especially effective
against accidental background. The resulting spectra of the
reconstructed invariant e*e™ mass m,, are shown in Fig. 42.
The distribution of signal events features a clear peak around
the simulated dark photon mass m 4 while the distribution
of background events is smoothly falling towards large m,,.
The broader underlying distribution in the signal spectra is
caused by the wrong e*e™ combination that does not stem
from the A’ — ete™ decay. The sensitivity is enhanced by
choosing the e*e™ pair with the smaller m,, for m 4 up to
45 MeV, and the eTe™ pair with the higher m,, above.

The sensitivity is estimated by means of toy Monte Carlo
studies for the full phase I of the Mu3e experiment. The
expected upper limits on the branching fraction at 90% CL
range from & (107%) at low m 4 down to & (10~'2) at high
my (see Fig. 43b). For m 4 = 17 MeV, the phase I Mu3e
experiment is sensitive to branching fractions of a few 1019,
These limits are translated to limits on the kinetic mixing
parameter € under the assumption that the dark photon decays
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Fig. 41 Feynman diagrams of dark photons A’ emitted in muon decays
ut — A’eTvv. The dark photons decay visibly into an electron-
positron pair A’ — ete™

exclusively toane™e™ pair. A comparison with current limits

from dark photon searches is shown in Fig. 43a.
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4.4 Dark matter and X17 searches at MESA

L. Doria (on behalf of the MAGIX/DarkMESA Collabora-
tion)
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Fig. 42 Spectra of the reconstructed invariant mass m,, of both e*e
combinations for signal prompt dark photons decays and background
from rare muon decays and accidental combinations. The signal spectra
are drawn normalized to one. For the background spectra, 300 days of
data taking at 108 {1 /s as expected in phase I of Mu3e are assumed

Johannes Gutenberg-Universitit Mainz, Johann-Joachim-
Becher-Weg 45 D 55128 Mainz

Abstract Light dark matter searches with accelerators is cur-
rently a very active field with many running and planned
experiments. Such experiments can also contribute to solve
the question about the existence of X17, a postulated 17 MeV
mass new particle for explaining different anomalies in
nuclear and particle physics. In this contribution, we high-
light in particular the contribution of the experiments being
built at the new Mainz Energy-recovery Superconducting
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Fig. 43 Expected sensitivity on dark photons emitted in © — A’evv
with prompt decay A’ — ee in the phase I Mu3e experiment

Accelerator (MESA) facility. MESA will provide intense
electron beams for hadron and nuclear physics, as well as
for dark matter searches with competitive sensitivities.

4.4.1 Introduction

A variety of astrophysical and cosmological observations
point to the existence of Dark Matter (DM). In the last
decades, an effort was made for searching for DM with par-
ticle colliders, fixed-target experiments, indirect detection
techniques, and underground direct detection experiments.
Still, the nature of DM remains elusive, and more sensitive
and diversified experiments are required. A large class of
models describe DM as a relic from the early Universe where
DM was in thermodynamic equilibrium with Standard Model
(SM) particles. The DM abundance was set when its annihi-
lation rate in SM particles became smaller than the expan-
sion rate of the universe in a process known as freeze-out.
While this mechanism is very compelling, it allows for a

broad range of DM masses (keV/c>~TeV/c?) and interac-
tion cross-sections. The prime target of many experiments is
a DM candidate called WIMP (Weakly-Interacting Massive
Particle), motivated by models of physics beyond the SM
(most notably supersymmetric models). This range can be
effectively tackled by high-energy colliders and direct detec-
tion experiments. In the light dark matter (< GeV/c?) range
(LDM), these methods become less effective, and differ-
ent techniques are needed. LDM production at accelerators
can in principle overcome the limitations of direct detection
experiments (the detection energy threshold) by producing
DM particles with enough momentum to be detected, even if
they are relatively light. High-energy colliders are not opti-
mized for the low-mass range, and lower energy accelerators
coupled with fixed targets can have an advantage in LDM
searches. In this context, low-energy accelerator searches
can also contribute to the “X17 puzzle”, i.e. the existence
of a new particle of mass ~ 17 MeV, as hinted by recent
nuclear physics experiments [1].

4.4.2 Light dark matter

In the < GeV/c? range, for retaining a thermal origin of DM,
the existence of additional interactions has to be postulated.
For small masses, considering only electroweak-scale cross-
sections, the annihilation rate would not be sufficient, leading
to DM overproduction. A relevant class of LDM models is
based on the idea that DM particles belong to a dark sector
interacting with the SM via one (or more) mediator parti-
cle(s). Dark sector models can be classified by the type of
mediator particle (the portal) and the type of DM particle. In
general, the dark sector might contain more mediators and
particles. A simple model which captures the essence of dark
sector physics contains a massive vector mediator particle (a
“dark photon”) and one DM particle. The model’s lagrangian
is

1, mv | €Y o oy
Z Q_ZFIWF +7FMUB

2
m=,
+—2A AL A 4 gp Al TH + gy BTy, (47)

where F, = 9, A}, —d,A), and B, = 3, B, — 9, By, are the
dark photon and the hypercharge fields, gp is the dark gauge
coupling, and J;' and J; the DM and hypercharge currents,
respectively. After electroweak symmetry breaking, the dark
photon mixes with the SM photon and the Z boson

€Y ./ puv € v | €Z i oSy
?FMVB — EFMVF + TFM‘)Z s (48)

where € = €y / cos Oy, €z = €y/ sin Oy, and Oy is the weak
mixing angle. After diagonalization, the coupling of the dark
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Fig. 44 The MESA accelerator with the three experiments: DarkMESA, MAGIX, and P2

photon with DM and the SM photon is
gpA, JI + gy BuJy — Al (gp Il +eelp,), (49)

where J ]’;‘ 18 the SM electromagnetic current. The form of
the DM current J)’(L depends on the exact nature of the DM
particle. The coupling of the dark photon to SM particles
happens via the coupling constant €e, while the dark fine
structure constant ap = /47 gp describes the coupling with
DM.

It is useful to define the dimensionless combination of the
model parameters

4
y =éap (ﬂ) , (50)

m

which is proportional to the thermally averaged DM annihi-
lation rate.

4.4.3 The MESA accelerator

The Institute for Nuclear Physics at the Mainz University is
building a new multi-turn, 100% duty-cycle, energy recovery
linac for precision experiments with a beam energy of 100—
200 MeV [24]. MESA (Mainz Energy-Recovering Super-
conducting Accelerator) will operate in two modes: energy
recovery mode (ERM) and external beam mode (XBM).

In ERM, the accelerator will provide a beam current of up
to 1 mA at 105 MeV for the MAGIX internal target experi-
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ment with multi-turn energy recovery capability. In XBM, a
polarized beam of 150 LA will be provided to the P2 exper-
iment [196]. An additional experiment, DarkMESA, will be
placed after the P2 beam dump, running in parallel to P2 and
searching for LDM particles.

The MESA accelerator will consist of a polarized source fol-
lowed by a low energy beam transport system containing
a spin manipulation system and a chopper-buncher section.
Normal conducting cavities will accelerate the beam up to
5 MeV before injection into the main linac equipped with
a total of four ELBE-like 9-cell superconducting cavities
[197] installed in two cryomodules. The linac will provide
an energy gain of 50 MeV/pass.

4.4.4 The MAGIX experiment

The MAinz Gas Injection Target EXperiment (MAGIX) is
a flexible experiment exploiting the unique combination
of a supersonic gas-jet target and the MESA continuous
beam in energy recovery mode. The experiment is based on
two magnetic spectrometers (“STAR” and “PORT”’) which
can be operated in coincidence with momentum resolution
8p/p ~ 10~* and low-material budget focal plane detec-
tors (Fig. 44). MAGIX will allow precision measurements
in a variety of fields ranging from hadron physics to nuclear
astrophysics and dark sector searches. The dark photon can
be produced through a mechanism similar to bremsstrahlung
onaheavy nuclear target Z viathe reactione~ Z — e~ Zy'. If
the dark photon decays into SM particles, e.g. ¥’ — ete™,
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the electron/positron final state can be detected in coinci-
dence in the two spectrometers and a peak-search on the QED
background can be performed [198,199]. A similar strategy
can be employed for the search for the X17 particle.

If the dark photon decays invisibly (e.g. into light dark
matter particles ¥y — x %), this will require the measure-
ment of the recoil target nucleus for fully reconstructing the
kinematics. A peak-search on the reconstructed missing mass
m}zl, = (Pbeam — Pz — pe/)2 will be performed in this case
with the addition of a silicon detector for detecting the recoil
proton or nucleus.

4.4.5 The DarkMESA experiment

DarkMESA (Fig. 45) is a beam-dump experiment, where the
dark photon can be produced radiatively by the MESA elec-
tron beam on the P2 beam dump through the bremsstrahlung-
like process eZ — eZy’ [200]. In a simple DM model, it is
assumed that the dark photon decays into pairs of DM parti-
cles (' — x x). Depending on the model, x and } can be a
particle/antiparticle couple or two different particles x; and
x2 (inelastic DM [201]).

After production, DM particles can be detected with a
shielded detector downstream of the beam-dump.

The dark photon production yield scales as Y, ~
ae?)/ ma, while the DM yield Y, in the detector is propor-
tional to €2, giving a total number of detected DM particles
scaling as Y,/ - ¥y ~ €*. Although the yield does not have
a favourable scaling, a beam dump experiment has unique
advantages. The large number of electrons on target (EOT)
deliverable in a reasonable amount of time by MESA can
compensate for the small yield and reach high sensitivity.
Another advantage is provided by the boost at which DM
particles are produced, allowing for an improved reach at
low masses. Moreover, such experiments can probe at the
same time both the dark photon production/decay and DM
interaction in the detector. At MESA, a radiation-shielded
area is available 23 m downstream of the beam-dump of the
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a function of the DM particle mass for the invisible dark photon decay
y" — x x compared to existing limits [202-206]

P2 experiment, allowing for the installation of a detector for
LDM searches (see Fig. 44).

4.4.6 Current plans

MAGIX The experiment is currently in an advanced design
phase. The design of the magnets is complete and parts are
being ordered.

The conceptual design of a GEM-based low-material bud-
get time projection chamber has been finalized. The exper-
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imental hall is almost completed. Significant progress has
been achieved for the simulation and analysis software devel-
opment, with a focus on the simulation of the dark photon
production and astrophysical reactions. A key part of the
experiment, the jet target, has been already built and tested
at the Al Collaboration experimental setup [207]. A pre-
liminary simulation of the exclusion limits for visible dark
photon decays achievable with MAGIX are shown in Fig. 46.
MAGIX will be able to explore new territories in the dark sec-
tor parameter space and exploit its reach for searching also
for the X17 particle.

DarkMESA The beam dump experiment is currently actively
developed [208-211]. The current plan for the construction
of the experiment is divided into two phases. Phase-A con-
sists in the construction of a prototype calorimeter module
comprised by a matrix of 5 x 5 PbF, Cherenkov crystals for
a total volume of ~ 4 dm?> surrounded by a hermetic cos-
mic ray veto system built with two plastic scintillator layers
and one lead layer (Fig. 45). The design follows successful
tests by the BDX Collaboration, which is proposing a similar
experiment at Jefferson Lab [212].

In particular, a dedicated electronics has been developed
for the readout of silicon photomultipliers optically coupled
to the veto plastic scintillator planes. In Phase-B, the full
volume available in the experimental hall will be exploited
with the construction of a PbF;, 0.12 m? calorimeter and a
lead-glass, 0.58 m? calorimeter. The advantage of Cherenkov
crystals is their speed and relatively low sensitivity to back-
ground neutrons. Exploiting the 2.2 x 10?% (6600 hours) elec-
trons on target delivered to the P2 experiment at 150 pA of
beam current, a total charge of ~ 5400 C will be deposited
in the beam-dump and will be available for DarkMESA.

Besides the calorimeters, it is under study also the oppor-
tunity to add a negative-ion time projection chamber to the
experimental setup. In particular, the chamber will leverage
on the technology of the DRIFT experiment optimized for
dark matter searches with 20keV nuclear recoil detection
threshold [213].

In Fig. 47, simulated 90% exclusion limits for the two
experimental phases and for the DRIFT detector technology
are showed.

4.4.7 Conclusions

The MESA accelerator will deliver high-current beams for
experiments in low-energy precision particle and nuclear
physics experiments. The new facility will be exploited also
for the search for light dark matter and other particles like
axions and the X17. In particular, the MAGIX and Dark-
MESA experiments will be well suited for these tasks, allow-
ing the exploration of new territories in the theory parameter
space and contributing to the solution of the X17 puzzle.
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4.5 A direct detection search for hidden sector new
particles in the 3—60 MeV mass range

A. Gasparian
North Carolina A&T State University, Greensboro, NC
27411

Abstract In our quest for investigating the nature of dark
matter from the way its constituents interact with ordinary
matter, we propose an experiment using a PboWOy calorime-
ter to search for or set new limits on the production rate
of (i) hidden sector dark matter mediator in the 3—60 MeV
mass range via their ete™ decay (or yy decay with lim-
ited tracking), and (ii) the hypothetical X17 particle, claimed
in two recent experiments. The search for these particles is
motivated by new dark matter models and candidates intro-
duced to account for the small-scale structure in astrophysical
observations and anomalies such as the 4.2¢ disagreement
between experiments and the standard model prediction for
the muon anomalous magnetic moment, and the excess of
eTe™ pairs from the 8Be M1 nuclear transition to its ground
state observed by the ATOMKI group. In these models the
1-100 MeV mass range is particularly well-motivated and
the lower part of this range still remains unexplored. The
proposed direct detection experiment will use a magnetic-
spectrometer-free setup (the PRad apparatus) to detect all
three final state particles in the visible decay of the dark mat-
ter mediator allowing for an effective control of the back-
ground and will cover the mass range in a single setting.
The use of the well-demonstrated PRad setup allows for an
essentially ready-to-run and uniquely cost-effective search
for dark matter mediator in the 3-60 MeV mass range with
a sensitivity of 7.2 x 1078-5.9 x 107 to €? the square of
kinetic mixing interaction coupling constant.

4.5.1 Introduction

The remarkable fact that ~ 85% of the matter in the Universe
is of unknown origin — dark matter (DM) — is inferred from
astronomical measurements over a wide range of distance
scales, from the solar neighborhood to the largest cosmo-
logical scales. There are many candidate theories for dark
matter and dark mediators that span a very large mass range,
from 10722 eV up to 100 solar masses. Several recent obser-
vations and anomalies have brought forth new dark matter
models and candidates such as the hidden sector dark mat-
ter (HSDM) [214] models that point to the 1—100 MeV /c?
region as one that is of high priority to search [215]. We have
proposed a search of the 3—60 MeV /c? using the magnetic-
spectrometer-free PRad setup in Hall B. This setup pro-
vides an essentially ready-to-run and uniquely cost effective
method for a search experiment.
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Experimental Setup (Side View)
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Fig. 48 Schematic of the experimental setup
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Fig. 49 The e*e™ invariant mass resolution at 2.2 GeV (left) and
3.3 GeV (right)

4.5.2 Experimental setup

The proposed experiment plans to reuse the PRad [216,217]
setup (shown in Fig. 48) but with a Tantalum foil target placed
7.5 m upstream of the calorimeter. Only the high resolution
PbWOy crystal part of the electromagnetic calorimeter will
be used together with a new fADC based readout system for
the calorimeter. The scattered electrons will travel through
the 5 m long vacuum chamber, which matches the geomet-
rical acceptance of the calorimeter, with a thin window to
minimize multiple scattering and backgrounds. An exten-
sion piece will be added to the upstream end to couple the
PRad target chamber to the super-harp which will now hold
the target foil. A reducer ring will be attached to the down-
stream exit of the PRad vacuum chamber and a new 1 mm
thick Al exit window will be used such that it matches the
PbWOy4 portion of the calorimeter. Two layers of GEM detec-
tors will add a modest tracking capability to help reduce the
photon background and to reduce the background originating
from the vacuum chamber exit window.

4.5.3 Monte Carlo simulations of the background

A comprehensive simulation of the experiment was carried
out using the Geant simulation package developed for the
PRad experiment. This simulation takes into account real-
istic geometry of the experimental setup, and detector res-
olutions. The generated scattering events were propagated

3.3 GeV Beam Background 3.3 GeV Beam Background Scaled

50 @ 000 Landau + Constant Fit L Y S Fit
mE Simulation

mmm Scaled to 30.0 days

Million Counts / 0.2 MeV
-
o

0 = S0 60 0010 20 30 40 50 60

0010 4
Invariant Mass (MeV) Invariant Mass (MeV)

Fig. 50 (Left) The simulated background for 3.5 s of 100 nA beam at
3.3 GeV (corresponding to 2.2 x 10'2 electrons on target) and a fit to a
sum of Landau + constant distribution. (right) The background counts
are scaled to the beam time according to the fit, the number of events
are sampled bin-by-bin

within the Geant simulation package, which included the
detector geometry and materials of the PRad setup.

The ep elastic and e — e Mgller generators developed for
the PRad experiments were used to verify that these back-
ground processes are kinematically suppressed. We have
also simulated the Bethe—Heitler and the radiative back-
ground processes. The Bethe—Heitler background process
is kinematically suppressed and the radiative process is the
irreducible background. The background was simulated for
about 3.5 s of 3.3 GeV electron beam with a current of 100 nA
(corresponding to 2.2 x 10'2 electrons on target). The recon-
structed invariant mass M,+,- spectrum for these simulated
events are shown in Fig. 49. A fit of this simulation was used
to scale the background by sampling the number of events
bin-by-bin to give the expected background for 30 days of
3.3 GeV beam at 100 nA, as shown in Fig. 50. The shape
of the background can be validated by comparing it to the
background using similar event selection of PRad data.

4.5.4 Conclusions

We have proposed a direct detection search for hidden sec-
tor particles in the 3—60 MeV mass range with a sensitivity
of 7.2 x 1078-5.9 x 107 to the kinetic mixing interac-
tion coupling constant €2 using the magnetic-spectrometer-
free PRad setup in Hall-B. This experiment will exploit the
well-demonstrated PRad setup to perform a ready-to-run and
cost-effective search. This search experiments is timely as
well as urgent given the recent confirmation of the muon
(g — 2) anomaly [218,219] and the 17-MeV particle pro-
posed to account for the excess et e™ pairs found in a nuclear
transition in ®Be from one of its 17 resonance to its ground
state [1], and the electromagnetically forbidden MO transition
in *“He [6]. In particular, the 3—60 MeV mass range remains
relatively unexplored (Fig. 51).

4.6 Searching X17 with positrons at PADME

V. Kozhuharov®-?

@ Springer
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Fig. 51 Projected coverage of the square of the coupling constant (¢2)
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4.6.1 Positron-on-target technique

The ability to exclusively reconstruct the reaction is highly
beneficial when searching for unknown new physics states.
This is particularly true for the X17 quest where the particle
mass is limited to a narrow region and additional information
exists for the strength of the interaction.

The positron-on-target technique employs positrons from
a beam with a well-defined energy Epeq, annihilating with
the atomic electrons inside a thin target. The process under
considerationis et +e¢~ — X + Y, where X is the unknown
new state and Y denotes all accompanying Standard model
particles, including also none as a possibility. Two possible
scenarios are viable for X:

— X does not decay to SM particles within the experimental
setup. X it is either invisible or long lived. In the simplest
case when Y is a single photon the missing mass, My,
can be determined as

M2

miss

= (Pt + P~ — P))%, (51)
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Fig. 52 A layout of the PADME detector system

where P,+ and P,- = (m,, 6) are the beam positron
and the target electron 4-momenta. The 4-momentum
of the recoil photon should be reconstructed by measur-
ing its energy and impact position in an electromagnetic
calorimeter.

— X decays into lepton or photon pairs. In this scenario
the process can be fully reconstructed, even if Y is none,
as long as the decay products of X are measured. In the
case of a lepton pair the natural detector choice is a mag-
netic spectrometer, while an electromagnetic calorime-
ter is required for the photon pairs. If Y represents an
additional SM particles, the kinematics can be overcon-
strained to highly reduce the background contribution.

Several experiments, VEPP3, PADME, MMAPS, etc.,
aimed at positron-on-target technique with beam energy
ranging from O(100 MeV) to O(1 GeV). At present only
PADME was approved and constructed.

4.6.2 The PADME experiment at LNF-INFN

The PADME experiment at LNF-INFN [180] (schematically
shown in Fig. 52) was constructed to search for the associate
production of new light particles in the process e™ + e~ —
y + A’, with A’ usually considered to be a dark photon.
The positron beam, obtained from the DA®NE Linac
(either primary or secondary), has an energy up to 550 MeV
[220]. The Linac provided 50 bunches per second, one of
which is used for monitoring while rest were directed towards
the experimental setup. To increase duty cycle, the LINAC
bunch length was extended for the PADME data taking, and
varied from 100 ns up to about 320 ns. The maximum num-
ber of positrons, delivered to the PADME setup, is limited
by the detector pile-up to about 100 e per 1 ns. The beam is
transported in vacuum through almost the whole setup using
a large two-section vacuum chamber. The upstream section
of the chamber is placed inside a dipole magnet able to pro-
vide 0.6 T magnetic field in a large volume. The downstream
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section geometry follows the deflected beam and covers the
acceptance of the PADME detectors.

Beam positrons traverse a 100 pm thick active diamond
target with transverse dimensions of 20 x 20 mm? [221].
Horizontal and vertical 1 mm wide graphite strips are used
to extract the ionization signal from the traversing beam and
to determine the bunch position and multiplicity.

The final state photons are detected by the PADME calori-
metric system. It consists of a ring-shaped crystal calorime-
ter, composed by 616 assemblies of BGO inorganic crys-
tal and an HZC XP1911 photomultipliers, the so-called
ECal [222]. The central hole of the ECal is covered by a
Cherenkov calorimeter, the SAC,based on PbF, and Hama-
matsu R13478UV photomultipliers [223]. SAC is able to
withstand the high photon rate due to bremsstrahlung in the
target while the ECal provides better energy resolution for
photons in the range 50MeV < E, < 450MeV. Three
modules of segmented plastic scintillator detectors (PVeto,
EVeto, HEPVeto) equipped with silicon photomultipliers and
custom designed front-end electronics are located inside the
vacuum chamber of the experiment [224]. They detect the
positrons (electrons) with momentum in the approximate
range 50MeV < E,+ < 450MeV for the PVeto (EVeto)
and 450 MeV < E,+ < 500MeV for the HEPVeto. Both
the EVeto and PVeto are placed inside the magnetic field
while the HEPVeto is close to the beam exit window.

4.6.3 Data taking periods and data analysis

PADME took data with its nominal setup in the autumn/winter
2018/19 (RUN 1), two test runs in summer 2019 and 2020,
and ~ 90 days physics run in the autumn, 2020 (RUN II).
Data from several different dedicated test runs were also
recorded for special purposes. The preliminary data anal-
ysis showed that the amount of beam induced background is
largely reduced by using the primary positron target of the
Linac.

In all data taking scenarios the search for X17 follows the
main design goal of PADME — bump searches in the missing
mass spectrum. The X17 is produced in association with a
photon, which is measured by the PADME calorimetric sys-
tem. The expected sensitivity is thus consistent entirely with
the nominal dark photon limit on the interaction strength and
is of the order of 1076 in €2.

In addition, the EVeto and the PVeto could detect the decay
products of X17, which will further reduce the background.
Despite being hodoscopes, the charged particle detectors pro-
vide also momentum measurement due to their placement
inside the magnetic field. However the precision is of the
order of O(5%) and the absence of the track angles measure-
ment doesn’t allow invariant mass reconstruction.

4.6.4 Prospects for X17 searches

Several directions were identified in the efforts to optimize
the sensitivity of PADME to the X17.

Short term detector upgrades and running scenarios The
PADME collaboration decided to attempt a search for X17
in resonant production mode et 4+ e~ — X 17 inside the tar-
get, with a subsequent decay of X17 to e*e™ pair. The res-
onant mode exhibits much higher production cross-section
and can be competitive even with relatively low statistics —
O(lO1 1_ 1012) positrons on target.

In contrary to the usual technique for measurement of
the charged particles by employing a magnetic spectrometer,
PADME will rely entirely on calorimetric approach to deter-
mine the energy of the outgoing electron and positron. The
magnetic field will be switched off and the opening angle of
the e™e— pair will be used to reconstruct the invariant mass
of the event, under the assumption of prompt X 17 decay.

The dominant backgrounds to e™ 4+ ¢~ — X17 —
et +e are the t-channel and t-channel scattering e +¢~ —
y* — eT + ¢~ and the two photon annihilation et + e~ —
yy. Despite the higher cross-section the t-channel scatter-
ing contribution can be suppressed due to the requirement
that both e™ and e~ carry significant amount of the initial
beam momentum (i.e. the requirement that the event is quasi-
symmetric).

The s-channel scattering through virtual photon represents
the insuppressible background since it entirely resembles the
X 17 on-shell production. To cope with the two- (and multi-
) photon annihilation PADME has decided to install a new
particle identification detector just in front of the electromag-
netic calorimeter. The hodoscope will be based on plastic
scintillator bars, with scintillation light detected by silicon
photomultipliers and the custom SiPM electronics, used for
the PVeto and EVeto. The detector will positively identify
the charged particle pairs and its efficiency is expected to be
higher than 99%.

After the assembly and installation of the tagger hodoscope
in front of the electromagnetic calorimeter, PADME will
resume data taking during its Run III (in the autumn/winter
of 2022), to search for X17 using the resonant mode pro-
duction. Positrons with energy ~ 282 MeV will interact in a
target (either the nominal PADME diamond target or a differ-
ent one) to explore the center of mass region in between 16.4
and 17.4 MeV with an unprecedented sensitivity. The reso-
nant mode production however requires an extremely precise
determination of beam energy scale and resolution, while
profiting from the much lower beam induced background.

Reconstruction optimizations Present PADME reconstruc-
tion profits from the largely common readout electronics
of the different detectors, based on CAEN V1742 digitizer
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board. This will allow the collaboration to exploit digitized
signal to adapt the calorimeter reconstruction to the lower
cluster energies expected during Run III. In addition, the
ECal PMT gain was set to intermediate values which can
be increased if necessary. Reconstruction optimizations are
faced at the two consequent stages — pulse reconstruction
and cluster reconstruction. Currently PADME collaboration
studies the possibility to employ deep machine learning tech-
niques to both stages. Preliminary results show that sub
nanosecond time resolution and higher than 95% identifica-
tion efficiency is achievable for pulses with sufficient ampli-
tude.

Setup modifications While for RUN III PADME will use its
present beamline and largely unmodified setup, the best sen-
sitivity to X17 can be achieved in a dedicated setup, which
allows to acquire high statistic positron interaction sample
of data. A possibility would be to operate PADME detector
in a continuous mode with positron beam extracted from a
storage ring. This will overcome the limit of 49 bunches per
second and will allow to operate in a mode of measurement
of every single positron interacting in the target. Even with
similar statistics, the sensitivity will be much higher due to
the background free measurement.

4.6.5 Conclusions

The PADME experiment aims at testing the X17 hypothe-
sis using positron beams in resonant production mode. The
experiment is preparing the detector optimization for Run
IIT which will start in autumn of 2022. The aim of PADME
Run IIT is to explore the center of mass region 16.4 MeV
< Mx17 < 17.4 MeV with unprecedented precision to
exclude or possibly confirm the existence of the X17 parti-
cle. Other possibilities are also studied, however they require
modification of the accelerator and beam storage setup at
LNF-INFN.
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5 Conclusions
8Be and more recently “He anomalies constitute an open

question in nuclear and low energy particle physics. Inde-
pendent confirmation will be very welcome in strengthen-
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ing the Atomki observation, and possibly confirming the
particle-like explanation of the anomalous angular distribu-
tions observed so far.

Several experimental efforts are ongoing in different inter-
national laboratories in order to reproduce the observation
using the same or similar techniques. Future initiatives are
proposing alternative approaches based on different produc-
tion mechanisms.

A wide and diverse theoretical approaches have been pro-
posed in order to, either explain the anomaly as nuclear
physics, or as a beyond the Standard Model effect. Vector,
scalar, and pseudo-scalar new particle have been postulated
to explain the observed data.

On the basis of theoretical models several searches have
been carried out by particle physics experiments, in order to
find the new postulated particles. However, no new particle
observation can be definitively claimed so far.
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