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X17 discovery potential in yd — e*e” pn at MAGIX@MESA
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Abstract. We propose a direct search experiment for X17 using deuteron pho-
todisintegration, yd — e*e” pn, at the MAGIX@MESA experiment. X17 is
a boson conjectured by the ATOMKI collaboration to explain anomalous sig-
nals around 17 MeV in excited ®Be, '>C and *He nuclear decays. It is the
subject of an intense, global research program; an experiment at an electron ac-
celerator would complement the ongoing effort to verify X17’s existence. Us-
ing the plane-wave impulse approximation around the neutron quasi-free peak,
we show that an enhanced X17 signal over the QED background is visible in
vd — e*e” pn, assuming pseudoscalar, vector and axial-vector X17 scenarios.
Additionally, we discuss how our calculation may be generalized to searches
for a generic dark boson in a photon-deuteron reaction.

1 Introduction

While numerous observations corroborate the existence of dark matter, definitive proof of a
new particle sector is still outstanding [1]. Traditionally, weakly-interactive massive particles
have been the main paradigm in dark matter searches. In recent years, this focus has shifted
towards light dark matter, sparking a renewed interest in low-energy, high-intensity experi-
ments [2]. In view of the above, the potential discovery of a narrow resonance around 17
MeV by the ATOMKI collaboration — dubbed X17 — in the e*e™ decay spectrum of excited
states of ®Be, '>C and “He has garnered significant attention [3-6]. At present there are nu-
merous ongoing or planned experimental efforts searching for X17. For a recent review, see
Ref. [7].

Should X17 be a genuine new particle, it may be detected via Compton scattering off
a nucleon. Unfortunately, conducting such a search is not entirely straightforward. Due to
existing bounds, X17 might couple weakly to protons [8, 9]. Moreover, the lack of a free,
high-density neutron target at accelerators means we cannot search for X17 in reactions such
as yn — e*e n either. For this reason, we propose a direct search experiment for X17 us-
ing deuteron photodisintegration, yd — e*e™ pn, with neutron tagging [10]. By tagging the
outgoing neutron, one can treat the bound neutron as quasi-free and the bound proton as a
spectator. In this way, scattering events take place primarily on the quasi-free neutron, and
the reaction yn — e*e n is effectively probed by proxy. Our work is centered around a poten-
tial experiment at MAGIX @MESA [11], but can be readily adapted to meet the constraints
provided by other electron scattering facilities.
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MESA is a linear electron accelerator (presently under construction) that will be able to
deliver a low-energy yet high intensity electron beam (up to 105 MeV in its energy-recovering
mode) [11]. MAGIX@MESA is an experiment that will consist of two high-resolution spec-
trometers and a gas-jet target [12]. The spectrometers will be able to resolve the electron-
positron invariant mass with a resolution of om,, ~ 0.1 MeV. Note that comparable reso-
lutions have already been achieved in dark-photon searches at the Al experiment at MAMI
[13, 14].

As compared to other experiments, a direct search for X17 at MAGIX@MESA holds
several advantages. First, such a search would disentangle X17’s existence from possible un-
accounted nuclear effects. Additionally, the data from MAGIX @MESA of the yd — e*e pn
process would not only enable a search for X17, but also for any new boson with a mass
between ~ 10-100 MeV. This, in turn, would allow one to derive exclusion limits on the
dark-matter neutron coupling (which are poorly constrained in this mass range [15, 16]). By
combing the existing proton limits with the new neutron limits, one would be able to to derive
limits on the effective dark-matter quark coupling, which would strongly restrict permissable
new-physics models, such as the dark photon model (in which the neutron coupling must van-
ish). Therefore, a direct search for X17 at MAGIX @MESA would complement the ongoing
experimental programs at other facilities.

2 yd — e*e” pn amplitude in the plane-wave impulse approximation
2.1 Kinematics

We begin our calculation with the kinematics of the yd — e*e™ pn process. Throughout this
work we give all quantities in the rest frame of the deuteron. We set up our coordinate system
such that the z-axis is along the direction of the incoming photon three-momentum, and the
neutron and photon three-momenta span the x-z plane. Then, we have

'}’(Ey, qa /l) d(md5 0’ M) il e+(E+» p+9 S+) e_(E—a p—> S_) p(Ep9 pp: sp) l’l(En, pnv Sn)»

where A is the polarization of the incoming photon, and s., s, and s, are ¢*, p and n helicities,
respectively, and M is the deuteron spin projection on the z-axis. The masses of the nucleons
and deuteron are given by my and my, respectively. We denote the dilepton invariant mass
as m?, = ¢’*, with ¢’ = p, + p_ being the momenta of the virtual photon or X17. Our
kinematic variables are E,, |p.|, the polar angles 6. and 6,, and the azimuthal angles ¢.
and ¢,, where all polar angles are defined with respect to the z-axis. Using the shorthand

dIT := d|p.|d]p-1dQ.,dQ_dQ,, the differential cross section is given by

do _ 1 [P+’ lp-I* Pl
din 64(2ﬂ)8dey E+E— |pn|(md + Ey - q,O) - En|q - ql| COos gnyy

AIMPy, (1)

where (| M|?) is the spin-averaged squared matrix element. The angle 6,,, is defined via

|q - (I'| cos enyy = (q - (1’) : pn/lpnl (2)

2.2 The plane-wave impulse approximation around the neutron quasi-free peak

To compute M we work within the plane-wave impulse approximation (PWIA) [17], illus-
trated in Fig. 1. As we are interested in the low-energy regime, £, ~ 100 MeV, where
relativistic corrections are expected to be small, we use a non-relativistic framework. We
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Figure 1. In the plane-wave impulse approximation we can factor yd — e*e” pn into a process on a
quasi-free neutron, 7, and a quasi-free proton, p.

implement the PWIA by inserting a complete set of two-particle states,

_ d’*p _
Mia(yd — e*e " pn) = Z IW (€ e, Pp Sps PuSu| Mia |V, 3Pa + P 51, 5Pa — P 52)

51,52

x 2ma)' 2 Ep)'*QEn)' P xr(ps 51 521d(1, M))ng, 3)
where ‘NR’ indicates the baryon states are normalized non-relativistically,

Ip, s) = RE)'?Ip, )k, (P, 5P, ') = QE,)(2m)*6% (p — p')dsy.

In the second line of Eq. (3) we can identify the components of the relative deuteron wave
function in momentum space, \I’i"l’sz(})) = NrE(P; $1 52 1d(1, M))nr. Numerically, we use the
CD-Bonn parametrization [18] for ¥. We also restrict ourselves to the neutron quasi-free

peak (NQFP), defined by [17]

Ippl S VvmyA = 457 MeV/c, 4)

where A ~ 2.2 MeV is the deuteron binding energy. In this kinematic regime we can ignore
any contributions coming from scattering off the bound proton. Given that X17 may be
protophobic, this restriction enhances our signal to background ratio.

Applying the PWIA in the NQFP simplifies the computation of do-/dII to the computation
of M(yin — e*e™n),

Mia(yd — e*e”pn) =~ My (yd — e* e pn) + M?, (yd — e*e"pn) ~ M{(yd — e* e pn),
(5)
with

E,\'"? o
n - _ 1/2 P M - _
My (vd = " e pn) = 2my) (E—) DI (pp) My etern),  (6)

Si

where in the rhs of Eq. (6) the quasi-free neutron has momentum and spin projection —p,,
and s;, respectively. Note, in Eq. (5) we disregard meson exchange currents and final-state
interactions. In our kinematic regime of interest the meson exchange currents are estimated to
give corrections of approximately 5% [17], meaning they can be safely neglected. Likewise,
for a first approximation, the final state interactions can be omitted.

We now turn to the calculation of M (y# — e* e n), which consists of two parts, the
QED background and the X17 signal. We will begin with the QED background.
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2.3 QED background processes and X17 signal processes

At E, around 100 MeV, the QED background may be parameterized by the combination of
the Bethe-Heitler process and the Compton scattering process. In turn, the Compton scat-
tering process consists of the Born and 7 ¢-channel exchange contributions, as well as the
non-Born contributions parameterized by the neutron electric and magnetic nucleon polariz-
abilities. These are all shown in Fig. 2, where crossed diagrams for the Bethe-Heitler and
Born contributions have been omitted. All diagrams in Fig. 2 are to be embedded in the
quasi-free neutron blob of Fig. 1.
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Figure 2. At E, ~ 100 MeV the reaction yii — e*e"n is described by the Bethe-Heitler process (a),
the Born process (b), 7° -channel exchange (c) and non-Born, neutron polarizability contributions (d).
Crossed diagrams for the Bethe-Heitler and Born processes are not shown.

The X17 signal process is identical to Fig. 2b, with X17 replacing the virtual photon. In
principle, X17 may also contribute via the Bethe-Heitler process. However, we only con-
sider kinematics where X17 is on resonance in the Born process, meaning any Bethe-Heitler
contributions with virtual X17 exchange are negligible and thus may safely be ignored.

From angular momentum and parity conservation it follows that X17 may be a pseu-
doscalar, vector or axial-vector particle. Accordingly, for the coupling of X17 to the nucleon
we use models by Alves and Weiner [19] for the pseudoscalar case, by Feng ef al. [9] for the
vector case and by Kozaczuk et al. [20] for the axial-vector case,

Lp = iNvys (gg?l)\w + gg(ll)\,Nﬁ) NX, Ly =—eX, Z enNY'N, La = -X, Z anNy*'ysN,

N=p,n N=p,n
@)
where e > 0 is the proton charge, 73 is the isospin Pauli matrix, ggg)\, , and gg(ll)\, » the isoscalar
and isovector pseudoscalar couplings, respectively, &,, the vector couplings and a,, the
axial-vector couplings.

The process of deriving explicit values for the coupling of X17 to the nucleons from the
ATOMKI data is, by now, well-documented (see Refs. [9, 19-21], among others). We use the
couplings derived in Ref. [10]. Note that currently there is an unresolved discrepancy between
the X17 couplings derived from the beryllium and carbon measurements by the ATOMKI
group. For completeness, we present each case separately. A comprehensive discussion on
this apparent tension may be found in Refs. [10, 22, 23].

Lastly, the width of X17 is significantly smaller than MAGIX @MESA’s m,, bin width,
omye, [3-6, 14]. This implies we may safely ignore any cross terms between the QED back-
ground and the X17 signal. It also means we should average the X17 signal over a single
O0me.-wide bin in the dilepton invariant mass,

do  (do do , do 1 T+ OMee /2 do
— x| — + | — . with - = dmee e . (8)
dim ~ \dIl g (dIT )y, A )y Omee Joysme 2 dIl )y,

4
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As a side effect this averaging procedure essentially washes away any dependence of the cross
section on the coupling of X17 to the electron.

3 Results for the X17 signal around the neutron quasi-free peak

With all the ingredients to compute the cross section at hand, the remaining task is to optimize
the kinematics for the highest signal to background ratio. When optimizing, we have to take
the detector constraints of MAGIX @MESA setup into account. These limit [12]

20 MeV < |p.), 15°<6.<168°, 5°<6,<175°.

The final two constraints are that my = m,,, so that we get a strong enhancement of the signal
via the Born process, and the requirement that the NQFP condition 4 is satisfied. By scanning
the available parameter range we found the optimal in-plane kinematics to be an asymmetric
backward configuration for the lepton pair,

Ip+| = 65.7MeV/c, 6, =-165.0°, |p_|=20.1 MeV/c, 6_=168.0°, 6,=5.0°,

where negative angles indicate that the positron is emitted in the opposite half plane compared
to the electron and neutron. The NQFP corresponds to the angular range 6, € [-10, 18] °.
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Figure 3. The differential cross section of yd — e*e”pn using the plane-wave impulse approx-
imation around the neutron quasi-free peak with optimum kinematics (see text), £, = 105 MeV,
my = m, = 17.02 MeV and om,, = 0.1 MeV. (a) The dark and light blue (green) colors indicate 20
and 30 uncertainty ranges of the vector X17-*Be ('2C) derived couplings, respectively. The yellow (b)
and magenta (c) bands indicate 1o~ uncertainty ranges in the ®Be-derived couplings for a pseudoscalar
or axial-vector X17, respectively. The red band indicates the uncertainty in the QED background due
to the neutron polarizabilities

Figure 3(a) shows the differential cross section for a vector X17 as a function of ,. The
blue and green signal curves use couplings derived from the beryllium and carbon data, re-
spectively, and the dark and light bands represent 20~ and 30 variations therein. Figures 3(b)
and 3(c) show the pseudoscalar and axial-vector scenarios in yellow and magenta, respec-
tively, with a 1o variation in the coupling. In all cases the signal cross section is averaged
over a bin of 6m,, = 0.1 MeV. The red QED background includes uncertainties from neutron
polarizabilities as taken from the PDG [24]. We see that in all cases an X17-signal would
be strongly enhanced over the QED background. In an experiment this enhancement would
manifest itself as a single, sharply-peaked bin in m,, spectrum. This is shown in Fig. 3(a)
assuming a vector X17. A similar result holds for the pseudoscalar and axial-vector scenarios
(not shown). In all cases the strong enhancement indicates discovery potential for X17.
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Figure 4. The signals of a vector X17 (a) or a hypothetical vector particle with a mass of 40 MeV (b) as
they would appear inside a single bin with a width of 0.1 MeV where E, = 105 MeV, assuming optimal
kinematics (see text). The colors carry the same meaning as in Fig. 3. m,, is varied by varying |p_|.

In passing we note that one is not limited to X17, i.e. m,, = mxy ~ 17 MeV. In the case
of MAGIX@MESA, the spectrometers make the range m,, € [5,65] MeV kinematically
accessible. Thus, by optimizing the kinematics assuming a different, fixed m,, one can check
for new bosons in the 5-65 MeV range. We give an example in Fig. 4, where we have assumed
X17’s 8Be-derived couplings for simplicity. The signal of a new vector-like particle with a
mass of 40 MeV appears as an enhanced peak, where the optimized in-plane kinematics are

Ip+| =49.5MeV/e, 6, =-168.0°, [p_|=37.7MeV/c, 6_=1369°, 6,=-50°.

If one does not see signal, one can derive exclusion limits (see Ref. [25]) which, as previously
mentioned, can be used to restrict new-physics models.

4 Summary and outlook

We have demonstrated that there is X17 discovery potential in a direct search experiment at
MAGIX @MESA using the reaction yd — e*e” pn with neutron tagging. On the experimental
side, the next step would be a detailed simulation study. On the theoretical side, a further step
is the inclusion of higher-order corrections in our calculation. Such developments may prove
especially timely given that several independent X17 searches are ongoing. The addition of
higher-order corrections also serves a dual purpose. It turns out that the kinematic regime in
vd — e*e” pn where one is sensitive to X17, is also the kinematic regime where one is most
sensitive to the neutron polarizabilities. As the neutron polarizabilities are poorly determined

[26], it is worthwhile to investigate whether they may also be extracted using the same data
as from a dark matter search. Such extractions have previously been done using yd — ypn
[17,27] at MAMI.
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