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Dark sector studies with the PADME experiment
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Abstract

The Positron Annihilation to Dark Matter Experiment (PADME) uses the positron beam
of the DA®NE Beam-Test Facility, at the Laboratori Nazionali di Frascati (LNF) to search
for a Dark Photon A’. The search technique studies the missing mass spectrum of single-
photon final states in ete~ — A’y annihilation in a positron-on-thin-target experiment.
This approach facilitates searches for new particles such as long lived Axion-Like-Parti-
cles, protophobic X bosons and Dark Higgs. This talk illustrated the scientific program
of the experiment and its first physics results. In particular, the measurement of the
cross-section of the SM process ete™ — yy at 4/s=21 MeV was shown.
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1 Introduction

With the restricted parameter space available to Weakly Interacting Massive Particle (WIMP)
models, attention has turned to models in which Dark Matter is made of feebly interacting
particles with masses below the electroweak symmetry-breaking scale. Several extensions
of the Standard Model (SM) include a new Dark Sector governed by a U;(D) symmetry, in
which feebly interacting Dark Matter particles interact with SM particles exclusively through
the exchange of a particle, known as a “Dark Photon” (A”). These models are characterised
by two parameters: the mass of the A" (m,/) and its coupling (&) to Standard Model particles.
Current constraints for Dark Photon models can be seen in Figures 1a and 1b respectively [1].
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(a) Constraints for visibly decaying A’s. (b) Constraints for invisibly decaying A's.

Figure 1: Current constraints on Dark Photon models [1]. Models are characterised
by two variables: the mass, my, and the coupling, €, between the A’ and SM leptons.

2 The PADME experiment

The positron beam from the Beam Test Facility at the National Laboratories of Frascati (LNF)
impinges with a maximum energy of 550 MeV on the Active Diamond Target of the Positron
Annihiltaion to Dark Matter Experiment (PADME). The 100 um thick Target is used to measure
beam intensity and position.

In e*e™ collisions, three Dark Photon production mechanisms are available: resonant pro-
duction, “associated production” in which one SM photon in two-photon annihilation is re-
placed with an A’, and “A’-sstrahlung” - analgous to Bremsstrahlung with the SM photon re-
placed by an A’. PADME was designed to search for associated production, the signal of which
is a single SM photon in the BGO Electromagnetic Calorimeter (ECal) and nothing in the other
detectors, as seen in Figure 2. The mass my, is then calculated from the missing energy.

The main background is Bremsstrahlung. Since the Bremsstrahlung photon angle spectrum
peaks sharply at low angles to the beam, the ECal was built with a central hole, behind which
is the Small Angle Calorimeter (SAC), made from PbF,, which has a faster response time
than the ECal, enabling resolution of the high flux of Bremsstrahlung photons. The SAC is
used with the Charged Particle Vetoes, made of plastic scintillator, two of which (the Positron
Veto and Electron Veto) are located inside the magnetic field which directs charged final-state
particles into the Vetoes, and un-interacted positrons into the TimePix3 beam monitor. More
information about the detector can be found in [2].
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While PADME was designed to search for Dark Photons which decay invisibly, the Charged
Particle Vetoes give access to visible final states where the A’ decays through A’ — e*e™.
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Figure 2: Schematic of PADME setup. Figure 3: Sum of energy of two pho-
tons in ECal. Run I primary (red)
and secondary (blue) beam. Run II
primary beam and changed vaccuum
separation (green).

3 PADME data taking

Between October 2018, when PADME was first switched on, and the end of Run II in 2020,
more than 10'3 positrons on target (PoT) were acquired in three beamline configurations. The
total energy of photon pairs reaching the ECal can be seen in Figure 3.

The first data in Run I was taken using the secondary positron beam of the LNF LINAC
using positrons produced at a 1.7 X, Cu target close to the PADME hall. This resulted in a large
number of low-energy particles entering the ECal. Moving to the primary beam, produced at
the LINAC positron converter further upstream, a peak in the energy spectrum in the ECal is
observed at the beam energy, however the long tails show significant pile-up and there was
still a high background of low-energy particles.

Between Run I and Run II, the beryllium window separating the PADME vacuum from
the LINAC vacuum was changed to Mylar and moved upstream of a wall which separates the
LINAC and BTE This produced significantly less low-energy beam-induced background and a
much sharper peak at the beam energy.

More information about the two types of positron production and the comissioning of the
vaccuum separation can be found in [2] and [3].

4 Multiple photon annihilation

The first physics measurement at PADME is the inclusive in-flight cross section
o(ete” — yy(y)), an important measurement for the community and for PADME for the
following reasons: it could itself be sensitive to Sub-GeV scale new physics, for example in
the form of Axion Like Particles (ALPs); there are no meausrements of this cross section with
precision <20% for beam energies below 500 MeV, and the measurements that do exist below
this energy measure ete™ — non — charged particles in bubble chambers and would there-
fore be unable to distinguish SM contributions from new physics contributions; it allowed for
full characterisation of the ECal; the cross section of associated production of a Dark Photon
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is linearly correlated to the cross section of 2y e*e™ annihilation (c(e*te™ — yy)) as:

olete” - yA) oce? x o(ete” — yy) x 5(my)

where ¢ is the coupling constant of the A’ to SM leptons and 6(m,/) is an acceptance factor
that is a function of the mass of the Dark Photon.

The measurement was made with 10% of the Run II data using a tag-and-probe method, ex-
ploiting the two-body kinematics of 2y annihilation, where the energy, E, of a photon is a func-
tion, f(0), of its angle, 0, from the beamline. Photons satisfying the condition E; — f(6;) ~ 0
were used as “tags” and matched with “probes” which had energy E; + E5 = Epoqn-

The runs used had a number of Positrons on Target per bunch (PoT/bunch) stable across
time between 19,000 and 36,000 PoT/bunch, and beam energy of 430 MeV. A total of
4 x 10'! PoT were used in the final analysis. Selected events contained at least two good
quality clusters in the ECal, where cluster quality was determined using the following crite-
ria: Time difference between clusters | AT| < 10 ns; energy of each cluster E, >90 MeV; the
difference between energy measured by the ECal and energy measured as a function of angle
from the beam, AE(6) = E, — f(6) <100 MeV; the leading photon had to fall in the fiducial
region (115.8< R <285 mm) of the ECal.

The measurement of the inclusive cross-section o(ete™ — yy(y)) at PADME is

o(ete” = yy(y)) =1.977+0.018 (stat) £0.119 (syst) mb,
while QED at next to leading order (NLO) is
o(ete” = yy(y)) = 1.9478 £ 0.0005 (stat) £ 0.0020 (syst) mb,
as given by BabaYaga, based on the calculations in [4]. Full details of the measurement are

given in [5].
The PADME measurement can be seen in context in Figure 4.
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Figure 4: Cross section of o(eTe™ — yy) [5].
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5 Padme Run III

In 2016, A. J. Krasznahorkay et al. announced the observation of a 6.8¢0 anomaly in the open-
ing angle between electrons and positrons from internal pair conversion (IPC) decays of ex-
cited ®Be nuclei [6]. In the experiments at the ATOMKI Institute in Debrecen, Hungary, ’Li
nuclei were bombarded with protons to produce excited 8Be, which decays through IPC with a
branching fraction of ~ 1078, The observed excess is compatible with a new particle (known
as the “X17”) of mass 17 MeV decaying to e*e™ and was interpreted by Feng et al. as an in-
dication of a protophobic fifth fource of nature [7]. In 2019 an improved experimental setup
was used to study IPC decays of three different excited states of “He. These measurements
confirmed the anomaly, with significances of 7.30, 6.60, and 8.90 respectively [8].

These measurements’ high sigificances and compatibility with each other led the PADME
collaboration to search for the X17. The Beam Test Facility at LNF is the only facility in the
world with a positron beam at low enough energy to produce this particle on resonance, in-
creasing the production cross section by orders of magnitude. This means several thousand
X17 particles would be produced in 10'! PoT even with small couplings of order 10~ [9].
PADME Run III will perform a scan over the mass region predicted by the ATOMKI experi-
ments, shown in Figure 6, looking for signatures of X17 particles decaying to ete™ pairs.
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Figure 5: Targetted parameter space for Figure 6: Number of X17 expected at
X17 particle. PADME at each point in energy scan.

In Run II data it was observed that the opening angle in S-channel Bhabha scattering made
searching for e*e™ pairs in the Veto detectors very challenging. In Run III therefore, the mag-
netic field is switched off sending all particles towards the ECal. To distinguish between e* /e~
and photons, a new detector, the “ETagger”, was built in front of the ECal using bars of 5 mm
plastic scintillator. Run III started in July 2022 and will continue in the autumn.

6 Conclusion

PADME was built to search for Dark Photons with mass < 23.7 MeV. In Runs I and II, more than
10!3 Positrons on Target were collected, allowing the collaboration to perform the most pre-
cise measurement of the inclusive in-flight cross section o(e*e~ — yy(y)) for beam energies
<500 MeV. The measurement is in agreement with the SM at NLO, as calculated by BabaYaga.

PADME Run III started in July 2022 and continues in the autumn in an attempt to con-
firm the existence of the X17 particle reportedly found in nuclear physics experiments at the
ATOMKI insitute.
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