A new direct detection electron scattering experiment to search for the X17 particle.
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A new electron scattering experiment to verify and understand the nature of hidden sector par-
ticles, with particular emphasis on the so-called X17 particle, has been approved at Jefferson Lab.
The search for these particles is motivated by new hidden sector models introduced to account
for a variety of experimental and observational puzzles: excess in ete™ pairs observed in multiple
nuclear transitions, the 4.20 disagreement between experiments and the standard model prediction
for the muon anomalous magnetic moment, and the small-scale structure puzzle in cosmological
simulations. The aforementioned X17 particle has been hypothesized to account for the excess in
ete™ pairs observed from the ®Be M1, *He MO, and, most recently, 2C E1 nuclear transitions to
their ground states observed by the ATOMKI group. This experiment will use a high resolution
electromagnetic calorimeter to search for or set new limits on the production rate of the X17 and
other hidden sector particles in the 3 — 60 MeV mass range via their eTe™ decay (or vy decay with
limited tracking). In these models, the 1 — 100 MeV mass range is particularly well-motivated and
the lower part of this range still remains unexplored. Our 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 a hidden sector particle allowing for an effective control of the background and
will cover the proposed 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 hidden sector particles
in the 3 — 60 MeV mass range with a sensitivity of 8.9x107% - 5.8x107° to €, the square of the
kinetic mixing interaction constant between hidden and visible sectors.

I. INTRODUCTION

cles (WIMPs) have long been a primary candidate to ex-

On large distance scales, the structure of the Universe
as inferred from cosmological data is consistent with dark
matter particles that are cold, collision-less, and interact
with ordinary matter purely via gravity [I]. Decades of
cosmological data have converged on the standard model
of cosmology, dubbed ACDM, with cold dark matter
(CDM) as a crucial ingredient [2] along with dark en-
ergy (the cosmological constant of general relativity, A)
and ordinary matter. Weakly interacting massive parti-

plain dark matter (DM) [3| [4]. However, recent searches
have ruled out a large segment of the phase space for
WIMPs [5][6] leading to new theoretical developments [7].
Additionally, several anomalous results in recent years
have pointed to holes in our understanding of the nature
of matter.

These null results and the anomalous results have led
to an increased interest in dark mediator models. In typi-
cal models these mediator particles (X) interact with the
standard model (SM) through a ‘kinetic mixing’ mecha-



nism creating a portal between the hidden sector and the
SM. In most models the X particle couples to the electric
charges of SM matter. Some newer models propose that
the coupling to SM is tied to flavor of quarks or leptons
and not via the electric charge. A common thread be-
tween many of the observed anomalies is that they can
be explained by a new MeV-scale dark mediator parti-
cle. Given the convergence of such models on the 1 —100
MeV mass range for a new particle, it is critical to fo-
cus experimental searches to this mass range in order to
resolve the anomalies.

The availability of a high duty factor, high luminosity
electron beam at Jefferson Lab provides an ideal setup to
search for MeV-scale dark mediators with small coupling
constants. The well tested PRad setup in Hall B [§] will
be used in this experiment to reach our physics goals.
Using a magnetic-spectrometer-free setup allows the ex-
periment to be sensitive to the full mass range in a sin-
gle experimental setting. The detection of all three fi-
nal state particles in the PbWQy calorimeter along with
tracking with GEM chambers allows for an effective con-
trol of the backgrounds. Moreover, it provides an essen-
tially ready-to-run and uniquely cost effective search for
hidden-sector particles in the 3 - 60 MeV mass range.

II. PHYSICS MOTIVATION

The primary motivation for this new experiment is
to resolve the X17 anomaly. A 2015 experiment [9] at
the ATOMKI 5 MV Van de Graaff accelerator sought to
study a previous 9 MeV anomaly [T0HI2]. While this ex-
periment nullified and explained the previous result, it
saw an excess of eTe™ pairs beyond the expectation of
internal pair creation (IPC) for a different mass. A sub-
sequent analysis of these results has shown that the 6.80
anomaly is consistent with a new particle with a mass
of 16.84 MeV, dubbed X17. A followup experiment by
the ATOMKI group was conducted on the 20.01 MeV
0~ — 07 transition in *He. The results for *He also re-
ports an eTe” excess consistent with the so-called X17
particle [I3, 14]. In a new 2022 experiment, the group
has reported the anomaly in the >C E1 transition [I5].
Of note, this most recent result agrees with the previous
masses but disagrees with the measured branching ratios.

Feng et al. [I7] analyzed the X17 signal against existing
constraints. The proposed explanation is that the signal
is from the decay of a protophobic gauge boson that me-
diates a fifth force with a length scale of 12 fm. This
explanation can also possibly explain the muon anoma-
lous magnetic moment and an excess of 7° — eTe™ de-
cays. The current constraints from leptonic production
mechanisms, where the effective coupling to a new force-
carrier is proportional to electric charge, are shown in
Fig. [[] For more generic fifth-force models with quark
flavor-dependent couplings [17], a much wider parameter
space with multiple couplings must be considered.

The fifth force based explanations are being challenged
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FIG. 1. Current constraints on a fifth force explanation of
the ®Be anomaly. The vertical axis is the leptonic coupling
strength relative to agep, with horizontal axis the mass of
the mediator. Excluded regions, in gray, are taken from mea-
surements that depend solely on leptonic interactions. Dark
photon exclusions via hadronic measurements are not shown.
Reproduced from Ref. [16].

by recent reanalyses [I8, [I9] and the observed discrep-
ancies could be the result of as-yet-unidentified nuclear
reactions, excited diquark states, or experimental effects.
Nonetheless, these results have garnered a lot of atten-
tion, and must be independently validated with the high-
est urgency.

The Muon g — 2 collaboration has recently re-
ported their measurement of the muon magnetic mo-
ment at Fermi National Accelerator Laboratory (FNAL)
which is consistent with their previous measurement at
Brookhaven National Laboratory (BNL) [20, 21]. These
two results, with their uncertainties combined, show a
4.20 deviation from the Standard Model prediction.

There have been several proposals as to new physics
that could lead to this deviation. One such class of expla-
nations shows that undiscovered hidden sector particles
can directly contribute to loop corrections in the calcu-
lation of (¢ — 2),. The contributions of a hidden sector
particle to the (g — 2), scales as 1/m%, thus a smaller
mass will have a comparably larger contribution than a
higher mass particle. There have been numerous publi-
cations proposing new particles (such as dark photons) in
the MeV-range that, at a minimum, partially account for
the muon anomalous magnetic moment [22H25]. Fig.
shows that their is an overlap in the phase space for a
particle that would simultaneously resolve the X17 and
(9 — 2), anomalies.

Several recent models have suggested that the coupling
of the X17 to SM is tied to flavor of quarks or leptons
and not via the electric charge. One such example is the
protophobic X17 proposed in Ref. [I7] used to explain the
X17 anomaly. If an X17 were to have flavor-dependent
couplings the parameter space for it is more open than
previously thought [26]. These new possibilities point to
an urgent need for independent verification of the X17



anomaly.

I1II. EXPERIMENTAL METHOD AND SETUP

This experiment will focus on the bremsstrahlung-like
production of hidden sector particles from the initial elec-
tron or the scattered electron (both shown in Fig, in
the 3—60 MeV mass range. When searching for new par-
ticles, it is of the utmost importance to minimize back-
grounds in order to prevent false “bumps” in the mass
spectrum. The primary QED background in this experi-
ment (see Fig.[3) are from the radiative pair production
which is an irreducible background and the Bethe-Heitler
trident reactions which can be kinematically suppressed.
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FIG. 2. Bremsstrahlung-like production of a hidden sector
force carrier X from electron scattering. The left diagram
shows production from the incoming electron and the right
diagram shows production from the scattered electron.

FIG. 3. The QED background from radiative (left and mid-
dle) and Bethe-Heitler (right) process.

The experiment plans to reuse the PRad setup (shown
in Fig. , with the addition of a Tantalum foil target
placed 7.5 m upstream of the calorimeter. Only the high
resolution PbWOQy crystal part of the HyCal electromag-
netic calorimeter will be used together with a new flash
ADC (FADC) based readout system for the calorime-
ter. A 2.2 and 3.3 GeV CW electron beam from CE-
BAF will be incident on a retractable ultra-thin target
consisting of a 1 ym Tantalum foil. The scattered par-
ticles will traverse the 7.5 m long flight path in vacuum,
en route to a pair of common ionization volume GEM
chambers coupled to the HyCal EM calorimeter. The
vacuum chamber will consist of the PRad target cham-
ber (or an appropriate diameter beam pipe) and the 5 m
long PRad vacuum chamber with a thin window. The
vacuum chamber matches the geometrical acceptance of

the calorimeter. An extension 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 downstream exit of the PRad
vacuum chamber and a new 1 mm thick Al exit window
will be used such that it matches the PbWQ, portion
of the calorimeter. Two layers of GEM detectors will
add a modest tracking capability to help reduce the pho-
ton background and to reduce the background originating
from the vacuum chamber exit window.

Experimental Setup (Side View)
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FIG. 4. Schematic of the experimental setup.

The experiment will use a “bump hunt” technique in
the direct detection search of heretofore unknown MeV
mass particles. All 3 cluster events with individual clus-
ter energy within (0.02-0.85) X Epeqrn and with the sum
of total energy deposited Fgsym > 0.7XEpeqm will be
recorded and examined for “bumps” in the M.+, (or
M., ) invariant mass spectrum reconstructed from these
events. This will allow for the X-particles production by
virtual photons over a wide energy range in the forward
solid angle coverage of the PbWOQO, calorimeter. The ca-
pability of detecting events produced in a wide energy
and angle range, in a single experimental setting, is one
of the important features of our experiment which stands
in contrast to all other magnetic spectrometer methods.
The tracking provided by the pair of GEM chambers will
be used to suppress background events from the experi-
mental setup, particularly, the large area window at the
exit of the vacuum chamber. The GEM chambers will
also be used to veto any neutral particles. Only the
PbWO, part of the HyCal calorimeter will be used in
the experiment. The experimental method discussed here
applies directly to any spin-1 boson in the hidden sector
that decay directly to a lepton pair.

IV. PROJECTED RESULTS

In order to estimate the projected sensitivity to €2, a
comprehensive simulation of the experiment was carried
out using the Geant4 simulation package developed for
the PRad experiment [§]. The simulation used a hybrid
event generator that was built by combining the Mad-
graphb generator [27] for the Bethe-Heitler process with
the Geant4 generator (with Bethe-Heitler turned off) to
utilize the best features of the two generators. The back-
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FIG. 5. Acceptance of the spectrometer setup for both 2.2
and 3.3 GeV beam energies.
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FIG. 6. Invariant mass resolution of the spectrometer for 2.2
GeV beam energy.

ground was simulated for 200 s of beamtime and then
scaled by sampling the number of events bin-by-bin to
give the expected background for 30 days of 100 nA, 3.3
GeV beam.

The production rates for the X particle are calculated
using the rate equation from Ref. [28] and rearranged to

give the sentitivity as:
2 Nx

€ = m2 )
5x NI —%
mx

(1)

where Ny is the number of X particles produced, N, is
the number of incident electrons (1.62x10'® for 30 days
at 100 nA), T is the target thickness (2.5x107% r.1.), mx
is the mass of the produced X, and €? is the square of the
dimensionless coupling constant of the X to SM matter.
The lowest €? achievable is calculated using Eq. [1] with
Nx obtained by scaling the signal counts with the de-
tection efficiency and impact of the decay length (shown
in Fig. |5)). The background event count is calculated by
selecting events from the background simulation within
a + 3o, window. The typical invariant mass resolution
Omy obtained from the simulation is shown in Fig.[6] The
signal counts necessary given the background counts are
calculated using the criteria for a 2.30 significance used
by other experiments (Eq. .

N
signal >2.3. (2)

A/ Nsignal + Nbgd -

The 2.2 GeV runs will serve as reference runs to better
understand the background and the signal, so it was con-
servatively estimated that 50% of their statistics can be
combined into the 3.3 GeV data for the final results. Us-
ing these range of sensitivities the bounds for the €2 —mx
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FIG. 7. Projected coverage of the square of the coupling con-
stant (¢?) and mass (mx) parameter space by this proposed
experiment is shown as the thick red lines for the combined
statistics of the two beam energies. The projections are su-
perimposed on top of a constraints plot adapted from Ref. [7].



parameter space is plotted in Fig. [7]for the combined pro-
jected statistics.

V. CONCLUSION

The X17 anomaly suggests the existence of a new hid-
den sector particle. It is of critical importance to re-
solve this anomaly quickly, as it not only could point

to new physics but also has the potential to resolve ad-
ditional anomalies. In this white paper, we have de-
scribed a nearly ready-to-run experiment at JLab us-
ing the PRad spectrometer that has the capability to
fully address this anomaly. By using a magnet-free spec-
trometer, two beam energies, and detecting all three final
state the experiment will provide unprecedented control
of the experimental background, leading to a results with
uniquely low systematics.
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