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Abstract. The modern world of physics still has many unanswered questions
on the road of creating a theory, which describes the Universe on fundamental
level. The Standard Model of particle physics seems unable to explain the nature
of phenomenons like the Dark Matter. The PADME experiment aims to study
one possible candidate addressing the nature of Dark matter - a hypothetical
vector boson massive particle called Dark Photon A′. This particle could be
created through the reaction e+ + e− → γ + A′ and observed indirectly via
a missing mass technique. PADME experiment is finalizing it’s second data
acquisition run and should provide new information for the dark photon in the
mass region 2− 23.7 MeV.
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1 Introduction: The Incompleteness of the Standard Model

The classification of all known elementary particles and their interactions are
summarized in the so called Standard Model (SM). The development of this
model is one of the greatest achievements of the 20th century. The discovery
of the Higgs Boson in 2012 was thought to give the last unknown answers and
to provide the final chapter of a theory, describing the world around us on a
fundamental level. Unfortunately, the value of the mass of the Higgs boson,
measured to be ≈ 125.18 GeV tend to be not enough for this role [1]. There are
still hidden parts of the puzzle, such as the neutrino masses, the explanation of
the Baryogenesis, the undetected yet CP-violation in the strong interactions.
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2 Dark Matter

The first evidence of the existence of Dark Matter (DM) was found by Fritz
Zwicky. He used the virial theorem to calculate the gravitational mass of the
galaxies inside the Coma cluster. The values obtained were 400 times greater
than the expectations based on the luminosity of the same galaxies. He showed
that this could only be possible if there was unseen dark matter, “dunkle (kalt)
Materie” [2], which was holding them by gravitation.

After Zwicky’s research, Vera Rubin was the next astronomer who contributed
for the development of DM studies. [3] The question standing out today is what
DM is made of. The biggest challenge to detect DM is that, unlike ordinary
matter, the DM does not interact through the Electromagnetic force. We can
judge for its presence only by its gravitational effects on ordinary matter. None
of the particles of the SM is a good candidate to explain the whole DM in the
Universe. A theory [4] suggests that there exists a whole new hidden sector of
particles, different from those of the SM, which may interact with still unknown
forces. Those particles should be the constituents of the DM and they interact
with the SM particles via the so called “portals”. In the simplest model, a new
U(1) gauge symmetry group with carrier acting as a portal between the Standard
Model and the hidden sector is employed. This portal is a massive vector boson
particle named Dark Photon (A′). A′ should mix with the SM photon and couple
with the SM particles with a constant ε. Only two new parameters are needed to
describe this new particle – its mass and ε.

3 The PADME Experiment

PADME (Positron Annihilation into Dark Matter Experiment) [5] is located at
the Beam Test Facility of the Laboratori Nazionali di Frascati (LNF) in Italy. It
is a small scale fixed target experiment and it is set to look for dark photons via
the reaction e+ + e− → γ + A′. The mass of the dark photon is determined
using the missing mass technique, which requires the knowledge of the initial
parameters of the e+ beam, the e− target at rest and the energy-momentum of
the final state γ. The missing mass squared is given by

M2
miss = (Pe+beam

+ Pe− − Pγ)2 , (1)

where Pe+beam
, Pe− , Pγ are the 4-momentum of the positron, of the electron and

of the emitted γ respectively. The A′ will appear as a peak at a fixed position in
the missing mass distribution.

The only assumption of the proposed experimental technique is that the dark
photon couples to leptons.
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3.1 PADME physics case

The experiment uses a positron beam provided by the DAΦNE LINAC. The
beam can reach energy of 550 MeV and it is produced in bunches at frequency
of 50 Hz. Each bunch contains about 2 × 105 e+ particles and has a duration
of ∼ 200 ns. The beam used in the March 2020 data acquisition run was with
energy of 490 MeV, while the one used in the September–November 2020 run
was with energy of 430 MeV and beamlength ∼ 300 ns [6]. The energy of the
beam, due to kinematical considerations, gives access to masses for the dark
photon in the range of 2–23.5 MeV.

A dark photon with mass in the given range may also explain at least partially the
discrepancy between the expected and the measured value of the muon anoma-
lous magnetic moment (g − 2)µ. The experiment is also sensitive to Axion-
Like Particle studies. Another possible research to be made on PADME is the
Beryllium-8 anomaly. [9]

The previously excluded areas for the corresponding ε2 and A′ mass are shown
in gray in Figure 1. However, some of the exclusions are highly model dependent
and assume dark photon interactions with both quarks and leptons, interaction
constant unification, and others.

Figure 1. Projected sensitivity of the PADME experiment to the Dark photon parameter
space (MA′ , ε

2) [7, 8].
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3.2 Detector system

A schematics of the PADME experimental technique with the detector system is
shown on Figure 2.

Figure 2. Scheme of the PADME Detector System.

The beam impinges on an active diamond target which leads to an annihilation
process between the e+ and the e−. After this process, the Dark Photon, if
produced, leaves the experiment undetected, while the recoil γ is measured by an
Electromagnetic Calorimeter. The events with charged particles which had not
taken part in the annihilation reaction, are suppressed thanks to 3 Veto Detectors
- Electron Veto, Positron Veto and High Energy Positrons Veto. The charged
particles which had lost most of their energy due to Bremsstrahlung, are bent
by a magnetic field towards the veto detectors. A detailed Monte-Carlo (MC)
simulation based on the GEANT4 software package is used to determine the
sensitivity of the experiment.

3.2.1 Target

The target of the experiment is an active diamond target made by a polycrys-
talline diamond film. With thickness of 100 µm and surface of 400 mm2, this
element provides information about the beam position (resolution ≈ 5 mm) and
multiplicity. This happens thanks to 16 × 16 graphitic strips engraved on the
target surface via a laser technique. The low Z of the carbon and the thickness of
the target are chosen to minimize the multiple scattering and background from
Bremsstrahlung [10].
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3.2.2 MIMOSA

A MIMOSA-28 detector gives information about the beam parameters before
it enters the main part of the experiment. It consists of 2 monolithic sensors
placed one after the other, each composed of a matrix of 928 × 960 pixels.
This detector has the same dimensions as the diamond target and it monitors the
position and divergence of the beam before the start of the data acquisition. Both
the MIMOSA and the target are mounted on moving rails and only one of these
components can be operated at the same time.

3.2.3 TIMEPIX3

A TimePix3 silicon pixel detector is placed at the exit of the experiment vacuum
chamber. It monitors the non-interacted positrons. The main benefit of this
detector is the measured position, time and energy of every single particle in
a bunch. The whole detector consists of 12 sensors (with a total of 786 by 432
pixels) covering an area of 8.4×2.8 cm2, and so far it is the biggest area covered
with TimePix3 and used for particle physics.

3.2.4 Veto detectors

There are three types of Veto Detectors in the PADME experiment – Positron
(PVeto), Electron (EVeto) and High Energy Positrons (HEPVeto). Each of
these detectors is made of polystyrene plastic scintillator bars connected to a
3 × 3 mm2 Hamamatsu 13360 silicon-photo multiplier (SiPMs) with a pixel of
25 µm. Both EVeto and PVeto are placed in vacuum (< 10−5 mbar) and mag-
netic field (≈ 0.45 T). The PVeto has 90 active scintillating bars, while the EVeto
is working with 96 bars. Both of them detect particles with momentum less than
450 MeV. The HEPVeto is placed out of the dipole magnet close to the beam
monitor. Its role is to detect positrons with momentum up to 500 MeV. During
the preliminary tests of the PADME Veto system, time resolutions of ∼ 500ps
were measured. [11, 12]

Figure 3. PADME veto detectors.
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3.2.5 Calorimeter

The Electromagnetic Calorimeter (ECAL) of the experiment is placed at a dis-
tance of 3.46 m from the diamond target. It has a cylindrical-ring shape with
an external radius ≈ 26 cm and it is made of 616 BGO crystals, each with size
2.1 × 2.1 × 23.0 cm3. The ECAL detects the γ in the final state. The distance
from the target and the size of the detector provide angular coverage in the inter-
val [15.7, 82.1] mrad. The scintilation light decay time of ∼ 300 ns of the BGO
crystals determines the necessity of another detector with much lower death time
in order to be able to detect the higher rate of events due to the Bremsstrahlung
radiation. That is why there is a hole at the center of the ECAL, behind which
the Small Angle Calorimeter is positioned [13].

3.2.6 SAC

The Small Angle Calorimeter (SAC) is made of 25 lead difluoride (PbF2) crys-
tals with dimensions 3× 3× 14 cm3. As mentioned in the previous subsection,
the role of this detector is to detect the photons emitted from the Bremsstrahlung
and multiphoton events. SAC can distinguish two particles with time separation
of ∼ 3 ns and has angular coverage of [0, 20] mrad.

3.3 Background

The main background of the experiment is from annihilation e+e− → γγ(γ)
and Bremsstrahlung events e+N → e+Nγ. GEANT4 MC and data reconstruc-
tion allowed precise study of the beam-induced background observed during the
first data acquisition run. This background originated from the beam interaction

Figure 4. The total energy distribution in the ECal from the MC of the experiment, with
and without the Beryllium window (on the left) compared to the total energy distribution
of the collected data (on the right; DHSTB002 is the last dipole of the transfer line before
the target) [14].
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with the Beryllium window, which separated the accelerator vacuum from the
detector vacuum. The interactions resulted in energy loss and beam particles
scattering which afterwards hit the beamline and produced significant amount
of Bremsstrahlung photons. A new mylar window was installed to decrease the
expected background.

4 Conclusions

The nature of the Dark Matter still stays unsolved within the Standard Model.
A completely new Dark Sector may shed light on the contemporary particle
physics. The PADME experiment aims to observe a possible portal between
both sectors - the so called Dark Photon. During PADME RUN-I all detectors of
the experiment performed with the desired stability. The collected data helped
in defining the background of the experiment, calibrating the detectors and im-
proving the set-up. PADME RUN-II is currently ongoing and the collected data
will be used for precise background estimation.
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