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physics searches and propose an accurate measurements of the hadronic cross section.
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1. Introduction

Unexplained experimental phenomena within the framework of the Standard Model, like
neutrino masses, dark matter and the cosmological baryon asymmetry, are proof of the existence of
physics beyond the Standard Model. New physics may live in a novel sector where new particles
have tiny interactions with the Standard Model ones, and may be within experimental reach. In
particular, light new particles with feeble interactions with e*e™ pairs may be searched in facilities
where intense positron beams scatter on atomic electrons. In fact, resonant production of new states
would lead to large statistics of new physics signal events [1, 2]. The experimental community is
already taking advantage of this technique [3, 4]. The needed scanning over the suitable centre
of mass energy range can be achieved in several ways. In experiments with thick targets of
large nuclear charge, the beam energy can be kept fixed, since the energy scan is ensured by the
substantial energy loss in the material [2]. On the other hand, in experiments using thin targets with
low nuclear charge, the energy loss in the material is negligible and the beam energy must be tuned
and continuously moved in small steps in order to span the desired energy range. In both cases,
a precise characterization of the atomic electron momentum distribution is mandatory in order to
have a reliable estimate of the resonant production rate and signal shape [5], see also [6].

In this Proceeding, we show the impact of the momentum distribution of the target atomic
electrons on dark sector production in fixed target experiments, focussing on the case of a dark
vector particle, as presented in Ref. [5]. Finally, we propose to take advantage of the relativistic
velocity of atomic electrons in targets with large atomic number to measure precisely the hadronic
cross section, presented for the first time in Ref. [7].

2. Computing the cross section

In this section, we compute the cross section for the resonant process e*(pg) + e (ka) — X,
and pp and k4 are the 4-momenta of the positron beam and of the atomic electron, respectively.
Neglecting the binding energy and summing over all possible atomic electrons, we have [5]:

do M| kan(ka)
dka 16n  pplEgkaxo(ka) — Ex,pBl’

)]

where n(k4) is the atomic electron momentum distribution and Ey, = /ki +m?2. Energy conser-

vation Eg+Ep = Ex, with E4 = m, the energy of the atomic electron neglecting the binding energy,

2EAEp+2m?> —mg(—kﬁ max, min 2 2
2kA;B , and as a result k', =|ppt+/(EA+EB) —m

implies that xo(k4) =

X

This cross section must be supplemented by the energy distribution of positrons in the
beam, described by a Gaussian G(E, Eg, og) centered at Eg and with a standard deviation o g:
o(Eg, o) = / dE G(E, Ep, o) o(E), with o (E) the cross-section after integrating Eq. (1).

Furthermore, we compute the cross section for the process e*(pg) + e (ka) — u*(p1) +
1~ (p2). The di-muon production process will allow to obtain the hadronic cross section ohyg =
o(ete™ — hadrons) = R(s) O'Lhﬂ (s) viathe experimentally measured ratio R(s) = Nhaa(8)/Nuu(s),
where N; denotes the number of di-muon and hadronic events. The annihilation of a positron with
an electron with principal quantum number » and angular quantum number ¢, with a momentum
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Figure 1: Resonant production cross section for a new vector boson with myx = 17 MeV and 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.

space wave-function ¢,¢(k 4) is given by

2 o 00 2 2
ree n 2 - H 2
da :/ dEZ/ dkn | Mireel™ |@ni(ka)l (27 — arccos d) I1 (d/2) o
dsdcg, Jm, 0

3272 1673 pBlEgkaceo, — Ex,pBlsg,s9, V1 — d?

where we assumed an isotropic electron momentum distribution, use spherical coordinates and

cg, = cosb4 and cg, = cos 6. The I function restricts the integration to values for which |d| < 1

. _e2
and enforces energy conservation. Furthermore, we have that d = £ bs ,a= p% + mfl + ki + p% +

ZkApBCgA — 2p2C92(pB + kACgA), b= ZkAp2S92S9A and & = Ea+Ep—E>.

The electron momentum distribution n(k4) can be directly extracted by measurements of
the Compton Profile J(k) [8, 9]. In our notation, the atomic electron momentum distribution is
n(k) =Y, loni(ka)l = —@dfl—(kk), where isotropy has been assumed.

We consider a vector particle of mass my with the interaction gy X, ey*e. Figure 1 shows
the comparison between the cross sections as a function of the beam energy with and without the
approximation of atomic electrons at rest. We discuss the result for diamond, used by the PADME
Collaboration in their search for the X7 boson [10—12], and tungsten, as an example of large-Z
target. The left panel of Fig. 1 represents the cross section for diamond assuming atomic electrons
at rest (blue curve) and using the CP from [9] (green curve), showing a larger spread due to the
atomic electron motion. The shape of the green curve is due to the fact that the two atomic electrons
belonging to the core contribute to the broader tails, while the four atomic electrons belonging to the
valence shells contribute to the central peak. The right panel shows the cross section for tungsten,
where the larger momentum of core electrons leads to a more significant energy spread. The
smearing of the resonance peak has a large impact on resonant searches at fixed target experiments.

3. Impact on new physics searches

The ATOMKI anomaly [13—-15] may be explained by dark vector bosons, that are currently
searched for by the PADME experiment taking advantage of resonant production. In the left panel
of Fig. 2, we show the impact of the atomic electron motion on the sensitivity of the PADME
experiment to the X7 particle mass and coupling. We assume a 12 energy bin scan in the range
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Figure 2: Left: Projected sensitivity of the PADME run-III on gy as a function of the X;7 mass. Figure
from [5]. Right: Number of uu events produced at JLAB (blue) with a 12 GeV beam energy, compared to
the di-muon events measured in KLOE [16]. Figure from [7].

Ep = [265, 297] MeV, with 6 - 10!! total positrons on target and a beam energy spread of 0.5%."
The gray regions are excluded by several experiments [17-21], while the shaded violet area shows
the 10 and 20 range for mx ~ 16.98 + 0.21 MeV, obtained by a statistical combination of the
uncertainties from the ATOMKI measurements [13—15] and adding in quadrature a systematic
error of 0.2 MeV. The blue dashed line depicts the result obtained by assuming electrons at rest [12],
while the orange curve shows the result including the atomic electron motion.

4. Measuring the hadronic cross section

The hadronic cross section can be measured taking advantage of the large momenta of the core
electrons of large-Z materials. The CEBAF facility at Jefferson Lab could produce unpolarized
positron beams accelerated up to energies of 12 GeV, with a negligible energy spread. Up to 10?!
positrons on target could be produced in one year of data taking. The blue curve of Fig. 2 shows
that the number of positrons on target delivered at JLAB will be enough to measure a huge number
of di-muon events, assuming a uranium target of 500 um.” Our result is compared to the pu(y)
events detected by KLOE [16] (red curve). The Figure shows that JLAB has the potential to collect
more statistics than KLLOE even at centre-of-mass energies of order 1 GeV, leading to a precise
measurement of the hadronic cross section and consequently of the anomalous magnetic moment
of the muon. This new strategy could solve the conundrum of the discordant determinations of the
HVP contribution to the muon anomalous magnetic moment extracted from e*e~ — hadrons data,
and could rule out possible new physics explanations of the disagreement [22, 23].

5. Conclusions

We have shown how finite atomic electron momenta affect new physics searches at fixed target
experiments. In particular, we have shown that the high momentum of core electrons modify the

IThe actual PADME Collaboration search strategy will be presented in Ref. [4].
2Uranium is the element with the largest core atomic electron momentum spread. Other large-Z targets, like tungsten,
would give a weaker but comparable result.
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reach of resonant searches. Finally, we have 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
hadronic vacuum polarization contribution to the muon anomalous magnetic moment extracted
from e*e~ — hadrons data.
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