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Abstract. Exploring resonant positron annihilation on atomic electrons offers
a promising method for detecting light dark sector particles that interact with
e*e” pairs. However, to accurately estimate production rates, a thorough under-
standing of atomic electron momentum distributions is essential. We introduce
a comprehensive approach using the Compton profile of target materials to ac-
curately incorporate electron velocity effects into resonant annihilation cross-
sections. We show that taking into account the finite motion of atomic electrons
not only can improve the search for new physics, but can also allow to enhance
the accuracy of hadronic cross-section measurements.

1 Introduction

Compelling evidence for the existence of physics beyond the Standard Model is provided
by established phenomena like neutrino masses, dark matter and the cosmological baryon
asymmetry. New physics may manifest in a new sector with new particles and interactions.
Intense positron beams impinging on fixed targets can be used to search for new light particles
with feeble couplings to electrons and positrons. The power of this strategy relies on the fact
that, if the condition for resonant e*e™ annihilation into new states occurs, it would lead to a
huge enhancement of the production rates [1, 2], a technique that is already being exploited
by the experimental community [3, 4].

In experiments with thick fixed targets of large nuclear charge, a continuous scanning
over the suitable centre-of-mass energy range can be achieved by keeping the beam energy
fixed, as the positron will lose energy while passing through the target. On the other hand,
in thin targets of low nuclear charge, the positron energy loss traversing the material is neg-
ligible and the beam energy must be tuned to span the desired range. In both cases, reliable
estimates of resonant production rates and signal shapes can be obtained only after a careful
characterization of the atomic electron momentum distribution.
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In this contribution, we discuss the impact of atomic electron momentum distribution on
resonant dark sector production in fixed target experiments, presented in Ref. [5] (see also
Ref [6]). Furthermore, we present a new method, discussed for the first time in Ref. [7],
that can allow a measurement of the e*e~ — hadrons cross-section leveraging the relativistic
velocity of atomic electrons in targets with large atomic number Z.

2 Cross sections

In this section we discuss how to compute the cross section for the process e e~ — X, where
the particle X is resonantly produced, and for di-muon production. The latter process will
allow us to obtain 0, = 0(e*e™ — hadrons) = R(s) a'/‘fl‘l(s) via the experimentally measured
R-ratio R(s) = Nyaa(s)/Ny(s), where N, denotes the number of di-muon events, while Np,q

is the number of hadronic events.

2.1 Resonant production

The differential cross section for positron annihilation off an atomic electron can be written
as:
&Pp Phky kg Qry* 6@ (ks + k- p)
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where g collectively labels the orbital quantum numbers, the subscripts A and B denote re-
spectively electron and positron quantities, and ¢(k), k and E denote their wave function, mo-
mentum and energy respectively. The term 6@ (ks +kg— p) = 6@ (ka+kg— p)S(Es+Ez—Ex)
enforces three-momentum and energy conservation, with E4 = m, the atomic electron energy
neglecting its binding energy. Finally, p and Ex denote the momentum and energy of the fi-

nal X particle, while E;, = 4 lkf‘ + m2. Taking the positrons in the beam as free particles

. . . . dis
with a well defined momentum pp, its wave function satisfies: f # |¢3(k3)|2 = 1, and

los(kp)? = (27)36®) (pg — kg). On the other hand, atomic electrons are confined in space,
implying a certain probability distribution associated with their momenta. The electron mo-
mentum density function n(k,) is normalised to the atomic number Z of the target atoms as
follows s
2 d kA
, ——n(ky) =2. 2
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The electron momentum density distribution n(k,4) will be discussed in detail in Section 2.3.
Neglecting the binding energy and assuming isotropy of the atomic electron momentum dis-
tribution, we can sum (1) over g, perform the integration over d° p, and finally obtain

do Ml kan(ky)
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Energy conservation implies that
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The energy distribution of positrons in the beam, described by a Gaussian G(E, Ep, 0p)
centered at Ep and with a standard deviation o g, must be taken into account while computing
the cross-section

o(Ep, og) = f dEG(E, Ep, 0p) o(E), )

where o(E) is the cross-section obtained after integrating Eq. (3).
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2.2 Di-muon production

The differential cross-section for the annihilation of a positron with an atomic electron in a
certain orbital n, £ with momentum-space wave-function ¢,,(k4) is

&pid prdky k) IMiveel” 4 2
= 0" (kg + P — Pr). 6
T AI6EE, |Esk, — Eqpl AT PP P 6)

In (6), Miree is the matrix element, and ¥ (ks + pg — py) = 6P (ka + pg — p1 — p2)S(Ea +
Ep — E| — E») denotes the three-momentum and energy conservation. We have neglected the
electron binding energy in the energy conservation condition by setting E4 = m,, justified by
the separation of scales with the centre-of-mass (c.m.) energy in the process.

Performing all the integration, see Ref. [7] for more details, we finally obtain:
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In (7) we assumed an isotropic distribution for the electron momentum, and used spherical
coordinates d°k, = kﬁdkAdc(;AdgaA and &p, = p%dpz dcg,dpy, where ¢y, = cosby and ¢y, =
cos 6,. Moreover the IT function restricts the integration to values for which |d| < 1 and
enforces energy conservation. Furthermore, ¢y, = (2m§ +2E.Ep — 5 — ki)/ (2pgka).

2.3 Atomic electron momentum distribution

A fundamental aspect in the cross-section calculation is the electron momentum distribution
n(ks). This quantity can be directly extracted from measurements of the Compton profile
(CP) [8]. The electron momentum density from spherically averaged Compton profiles is
defined as [9]

1 00
Tp) =3 fl | p(k)kdk, C))
P

with p(k) the electron momentum distribution, and it is normalised as f_ o:o J(p)dp = Z. In our
(k)

notation, this implies that p(k) = 55

and the electron momentum density distribution is

(2n)* dJ (k)

L T

(10)

In Fig. 1 we show the comparison between cross sections for the resonant process
ete” — X evaluated as a function of the beam energy, where X is a vector particle with
mass my and interaction with electrons described by Lx C gy X,&y*e. We discuss the results
for two targets: diamond, as it is used by the PADME Collaboration in the search for the
X17 boson [10-12], and tungsten, as an example of a large-Z material. The results for the
diamond target are given in the left panel of Fig. 1, where the blue curve is obtained under
the assumption of atomic electrons at rest, so that the broadening of the curve is entirely due
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Figure 1. Resonant production cross section for a new vector boson with mass my = 17 MeV and
coupling gy = 1073, including the effects of a 0.5% beam energy spread, for a diamond (left) and a
tungsten (right) target. The blue curve assumes electrons at rest, while the green one accounts for the
atomic electron momentum distribution via the CP.

to the beam energy spread. The green curve, on the other hand, is obtained using the CP from
Ref. [9]. This last curve is more spread due to the atomic electron motion. The particular
shape of the green curve is due to the fact that the four atomic electrons belonging to the
valence shells contribute to the central peak, while the two core electrons contribute to the
broader tails.

The right panel shows the same result for tungsten, where the larger momentum of core
electrons leads to a more significant energy spread. As a consequence, in both cases the
smearing of the resonance has an important effect on searches for resonant peaks at fixed
target experiments.

3 Atoms as electron accelerators

The motion of atomic electrons has a strong impact on the production of light new bosons via
electron-positron resonant annihilation. In the following, we will focus on searches for light
dark sector particles, in particular the X;7 [10-15]. Finally, we propose to measure the cross-
section for e"e™ — hadrons at experiments where positron beams scatter on fixed targets [7],
taking advantage of the atomic electron momentum distribution to scan the relevant energy

range.

3.1 Impact on new physics searches

Resonantly produced vector bosons, a possible explanation of the ATOMKI anomaly [13—
15], are affected by the target electron motion. Figure 2 shows the sensitivity of the PADME
experiment to the X7 particle mass and coupling, assuming a 12 energy bin scan in the range
Ep = [265, 297] MeV, using 6 - 10'! total positron on a 100 um diamond target and with a
beam energy spread of 0.5%.' The gray areas are excluded by several experiments [16-20].
The shaded violet regions show the 1o~ and 20~ range for my ~ 16.98 £0.21 MeV, obtained by
combining the statistical uncertainties from the ATOMKI measurements [13—15] and adding
in quadrature a systematic error of 0.20 MeV. The result obtained by assuming electrons at
rest is depicted by the blue dashed line [12]. Finally, the projected sensitivity including
the electron velocity effects via the CP is shown by the orange solid line. These last two
curves were obtained by assuming ~ 7.5x 10* background events from Bhabha scattering and

!For the actual strategy employed by the PADME Collaboration, see [4].
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Figure 2. Projected sensitivity of the PADME run-III (left) on gy as a function of the X7 mass and on
the dark photon kinetic mixing € as a function of the dark photon mass (right). Figures from [5].

neglecting the yy background. In this analysis, systematic uncertainties have been neglected.
As a result, correctly accounting for the atomic electron momentum distribution leads to a
certain loss in sensitivity because the signal gets distributed over a broader range of energies,
reducing the signal-to-noise ratio.

Taking advantage of the atomic electron motion gives also an opportunity to probe larger
masses. In fact, the atomic electron motion can increase the centre of mass energy of the
collision. The right panel of Figure 2 shows the exclusion limits for dark photon searches
where the dark photon decays only to an electron-positron pair with coupling € = gy/e.
The gray regions represent the exclusion limits from several experiments [16, 17, 19-24].
The orange shaded area shows the 2.7 event limit (corresponding to 90% C.L.) that can be
reached at an experiment with a positron beam with Ep = 288 MeV scattering on a 5 cm-
thick tungsten target, assuming 10'® positrons on target and no background. The larger mass
reach with respect to the blue region obtained assuming target electron at rest is due to the
contribution of atomic electrons with large momenta.

3.2 A proposal for measuring the hadronic cross section

The large momenta of the core electron of high-Z materials can be used to precisely measure
the hadronic cross section. A suitable positron beam is the one from the CEBAF facility at
Jefferson Lab (JLab). The JLab injector could produce 1 — 5 A unpolarized positron beams
accelerated up to energies of 12 GeV, with a negligible energy spread. One year of data
taking could produce up to 10! positrons on target. This could be enough to measure a large
number of di-muon events, as shown by the blue line of Figure 3 left, by scattering 10?!
positrons of Ez = 12 GeV on a 500 um uranium target.” This result is compared to the puy
events detected by KLOE [25]. The Figure shows that JLAB has the potential to collect more
statistics than KLOE even at c.m. energies of order 1 GeV.

Furthermore, at CERN positron beams of energy between 100 and 200 GeV are available.
It is, therefore, natural to ask how an increase in energy would change this measurement.

2We chose uranium as a target since it has the largest momentum spread in its core electrons. Other heavy targets,
like tungsten, would give a weaker but comparable result.
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Figure 3. Left: number of pu events produced at JLAB (blue) with a 12 GeV beam energy, compared
to the di-muon events measured in KLOE [25]. Right: number of pu events produced at CERN beam
line (blue, green and orange) with a 100, 150 and 200 GeV beam energy, compared to the di-muon
events measured in KLOE [25]. Figures from [7].

Those beams, however, may reach a statistics of ~ 6.5- 1012 e*oT/yr for a 100 GeV beam. This
is not sufficient to allow for a useful measurement, as shown in the right panel of Figure 3. We
explore nevertheless the energy dependence of the measurement by assuming an (unrealistic)
N+t ~ 101 for a beam energy Ez = 100 GeV and a 500 um uranium target. We account
for the scaling of the beam intensity at £ > 100 GeV by using the following parametrization
Neror(p') = Ne+oT(p)e_%(p P where py is the energy of the primary protons (400 GeV),
B = 10, and N,+,p(100GeV) = 10' [26]. These results are shown in the right panel of
Fig. 3 for Eg = 100, 150, 200 GeV (blue, green and orange histogram, respectively). The
red histogram shows the uuy events from KLOE. Above s ~ 0.6 GeV? an increase in the
beam energy does not lead to an improvement of the statistics: the decrease in beam intensity
offsets the advantage of increasing the beam energy. Therefore, considering the larger hadron
contamination at higher energy, lower beam energies are preferable.

4 Conclusions

We showed the impact of atomic electron momentum distribution in new physics searches at
fixed target experiments. In particular, we showed that the high momentum of core electron
in large-Z materials can improve the mass reach in models of dark photons with couplings
only to e*e™ pairs. Finally, we proposed a novel strategy to measure the hadronic cross
section. This could play a crucial role in solving the issues in the determinations of the
hadron vacuum polarization contribution to the muon anomalous magnetic moment extracted
from e*e” — hadrons data, and could rule out possible new physics explanations of the
disagreement [27, 28].
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