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PADME is a fixed target experiment designed to search for a hypothetical dark photon A’ pro-
duced in positron-electron annihilations by using a 550 MeV bunched positron beam. It is ex-
pected to be sensitive to the parameter €, describing the mixing between A’ and the photon, for
€ >10"* and for values of the A’ mass m,, <23.7 MeV/c? after about one year of running.

The PADME experiment searches for a dark photon by the missing mass technique in events
with only one photon in the final state. In case of discovery, this technique has the advantage to
be not controversial, being a bump above a continuous background of standard electromagnetic
processes.

An excellent missing mass resolution is obtained with a high resolution BGO calorimeter, which
is further improved by using a narrow positron beam and an active target to determine the beam
position bunch-by-bunch.

An other crucial aspect of PADME is the use of a bunched positron beam to increase the number
of positron on target (POT) and improve the search sensitivity. This choice leads to an increase
of events occurring in the same positron bunch which must be disentangled. The strategy to cope
with pile-up events foresees to use fast detectors, to veto on charged particles and small angle
photons, to digitize all detector waveforms, by a powerful data acquisition, and to develop robust
multi-hit reconstruction algorithms.

This paper illustrates the status of the PADME experiment installed at the Beam Test Facility of
Laboratori Nazionali di Frascati after the conclusion of the first data taking period from September
2018 to February 2019.
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1. Introduction

Observation of anomalous gravitational effects in astronomy is not only a strong indication of
the existence of dark matter but also that its density dominates the matter density of the Universe
[1]. The rich particle structure of the visible sector naturally induce to speculates on a similar
behaviour for the dark sector and dark photons could be one of the simplest mediators of interac-
tions among dark matter particles [2]. In addition, dark photons could explain several observed
anomalies in astrophysics (e.g. in cosmic rays [3]), that could be related to dark matter interacting
with a dark photon, and, most interesting, to explain the discrepancy between the measured and the
calculated anomalous magnetic moment of the muon [4].

A massive dark photon A’ could be related to a new abelian broken gauge symmetry U(1)’
and interactions with ordinary matter can happen only through kinetic mixing £F,, F"*" with the
photon. This corresponds to an effective interaction o’=€>a,,, with SM particles likely suppressed
by &2 with respect to interaction of invisible particles carrying U(1)’ quantum numbers. The small-
ness of € would explain why the dark photon escaped so far detection. The search for dark photons
can be pursued with low-cost, high-impact experiments at high intensity accelerators or electro-
magnetic radiation sources.

PADME searches for a dark photon produced in positron-electron annihilation events (Figure
la) in the interaction between a positron beam and a target [5]. The search technique is based
on measuring the missing mass of events with only one photon in the final state, which has the
advantage to be independent of the final state (visible A’— eTe™ or invisible A’— ), as shown
in Figure 1a) and is not controversial in case of discovery, showing a bump above a continuous
background. The most abundant background is from Bremsstrahlung events (Figure 1b), where the
scattered positron and nuclei are not detected, followed by two or three photons annihilation events
(Figure 1c-d) where one or two photons are escaping the experiment acceptance.
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Figure 1: Production mechanisms, by positron-electron annihilation, of a dark photon in association with
one photon (a), of two (c) and three (d) photons, and production mechanism of a photon by positron
Bremsstrahlung (b). The positron Bremsstrahlung is the main background to the dark photon signal.

The experiment uses an active diamond target, which also monitors each positron bunch, and
a dipole field, which bends the charged particles outside the acceptance of the calorimeter system.
The calorimeter system is composed of a high resolution electromagnetic calorimeter, made by
BGO crystals, to measure photons energy and direction, and of a small angle fast electromagnetic
calorimeter, made of PbF; crystals, to veto small angle photons. In addition, a charged particle veto
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system, made of vertical bars of fast plastic scintillators, allows to identify electrons and positrons
and measure their momentum. Finally, a data acquisition system is capable to store all the front-
end waveforms for each detector event-by-event and preserves all the information, for multi-hit
reconstruction and time resolution optimization.

2. The positron beams at the Beam Test Facility

The PADME experiment is located in the first experimental hall of the new Beam Test Facility
(BTF) [6] of the DA®NE accelerator complex at Laboratori Nazionali di Frascati (LNF). Electrons
or positrons can be extracted before the injection into the damping ring (see Fig. 2), on a bunch-
by-bunch basis, by means of a pulsed dipole and driven to the BTF by a dedicated transfer line
made of 2 FODO quadrupoles doublets for focussing. With the new electron gun system, pulses
as long as 280 ns have been successfully accelerated with about 1 % energy spread, 1.5 mm beam
spot, 1.5 mrad emittance at the rate of 50 Hz. Positrons can be accelerated up to 550 MeV after
being generated in the LINAC with a W-Re converter of 2 X, located after the first sections, where
electrons have been accelerated up to 220 MeV (primary positron beam). Alternatively, a secondary
positron beam of slightly higher energy can be generated by a primary electron beam of 750 MeV
hitting a Cu converter of selectable Xy=1.7, 2, and 2.3 (BTF target) located before 1 m thick
BTF concrete wall. An energy selection system and collimators on the BTF transfer-line defines
momentum, spot size, and intensity.

The PADME experiment started commissioning on September 2018 and took data until the end
of February 2019 with a bunch multiplicity of about 20000--30000 positrons and up to 250 nsec
length. The collected data correspond to about 7.5 x 10'> POT, mostly taken with the secondary
positron beam and only a small fraction with the primary positron beam. The data were very useful
to setup the beam line, to calibrate the detectors, and to establish the running conditions for the
real physics run expected in 2020. The on-going data analysis clearly shows the need to reduce
the observed beam background, likely due to non-gaussian tails hitting the beam line and the target
frame.
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Figure 2: Layout of the positron production complex at LNF.
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3. The PADME detector

In Fig. 3 a schematic drawing of the PADME detector is shown. The PADME beam monitors,
made of hybrid and monolithic silicon pixel detectors, and the full containment BTF Cherenkov
calorimeter, used for absolute beam calibration, are not shown for simplicity.

A bunched positron beam hits the active diamond target placed in the vacuum transport line
and in front of 0.5 T warm magnetic dipole MBP-S shipped from CERN. The dipole field bends
the charged particles outside the acceptance of the calorimeter system, inside the large PADME
vacuum chamber (=~ 1 m?).

More specifically, not interacting positrons from the beam are driven in the beam dump (thick
grey curved arrow) where hybrid pixel detectors are installed outside the vacuum chamber behind
of a 1 mm thick aluminium flange. Interacting positrons and electrons are bent in the charged
particle Veto systems (blue curved arrows) where they are detected as single Minimum lonizing
Particles (MIPs) and their momentum measured accordingly to the arrival position.

Photons produced in the target preserve the initial direction and are detected in the calorime-
ter system (red straight arrows), which provides information on the energy and direction. The
calorimeter system is located outside the vacuum chamber in front of a large and thin carbon fibre
flange. It is composed of a high energy resolution electromagnetic calorimeter (ECAL ) and a small
angle fast electromagnetic calorimeter (SAC) located behind. The ECAL has a hole in the center
to avoid the large flux of Bremsstrahlung photons generated in the target by the high multiplicity
positron bunch. Instead, the SAC is tailored to handle this flux of photons and is crucial to veto
small angle photons from two and three gamma annihilation events, where one photon is inside the
ECAL acceptance and in time with, at least, another one inside the SAC acceptance. In fact, dark
photon events (yellow arrow) are expected to have only one photon in the final state and no charged
particles in time (invisible decay), or two opposite sign charged particle in-time (visible decay).
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Figure 3: Schematic drawing of the PADME experiment at the BTF of LNF (not to scale).

3.1 Diamond Active Target

The target is made of a “full carbon” double sided diamond detector in order to have a small Z
material and to monitor the positron bunches in real time. In fact, the signal cross-section scales as
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Z and the Bremsstrahlung cross-section as Z2, and a low Z assures a larger signal-to-background
ratio and a smaller event pile-up rate.

The target and the front-end electronics are placed in vacuum but outside the magnetic field
(Fig. 4 left). The mechanical structure is in aluminium and can be moved in and out the beam in
one direction by a step motor.

The diamond detector is made of an “as grown” CVD polycrystalline diamond sensor of 2x2
cm? area and 100 um thickness. On both sensor surfaces 19X+19Y graphite strips were fabricated
by an excimer laser with a pitch of 1 mm, an inter-strip distance of 0.15 mm, and an electric
resistance of about 2.5 kQ [7]. 16X+16Y strips are instrumented by two evaluation boards of the
AMADEUS chip made by IDEAS (Oslo). The AMADEUS charge sensitive preamplifiers have a
20-40 ns adjustable shaping time and an adjustable gain from 3 to 24 mV/fC. The measured charge
collection distance of the sensor at 250 V of high voltage bias was about 12 ptm, which corresponds
to a signal of about 0.07 fC/MIP.

The active target provided X and Y single bunch profiles and the evaluation of the number of
POT per bunch performing online beam monitoring and offline luminosity measurement.

3.2 The charged particle veto system

The charged particle veto system [8] is composed of three modules all made by polystyrene-
based plastic scintillating rods with 1.5% POPOP produced by UNIPLAST with a 1 x 1 cm? cross-
section and 17.8 cm length placed vertically (Fig. 4 center).

The positron veto, the high energy positron veto, and the electron veto are made of 90, 16
and 96 rods, respectively. The rods are slightly rotated (= 0.1 rad), to minimize geometrical inef-
ficiencies, and kept in position by an aluminium mounting frame. They are all inside the vacuum
chamber but only the positron and the electron vetos are inside the magnetic field.

The scintillating light is collected at one or two ends by BCF-92 wavelength shifter fibers of
1.2 mm diameter glued into a longitudinal groove. The photons emitted by the fibers are converted
into electric signal by S13360 silicon photomultipliers from Hamamatsu. They operate in vacuum
and are mounted on the front-end electronics board hosting a group of four custom amplifiers of
gain equal four. The boards are powered and managed with custom-built controllers. The achieved
time resolution of all scintillator rods, as measured with respect to the small angle calorimeter, is
about 700 psec.

3.3 The electromagnetic calorimeter system

In Fig. 4 right) a schematic drawing of the two electromagnetic calorimeters of PADME is
shown [9]. The ECAL consists of 616 BGO crystals, each of 2.1x2.1x23 cm? size, arranged in
a cylindrical shape of 29 cm radius with a central square hole of 5x5 crystals and placed at 3.45
m from the target. The ECAL angular acceptance is from 15 mrad to 84 mrad and the scintillating
light is detected by HZC XP1911 photomultipliers from HZC Photonics. The photomultipliers are
directly glued to the painted crystals.

The metal support structure has a square shape and plastic fillers maintain in place each crystal
layer. To reduce the light crosstalk, 50 um of black tedlar are inserted between adjacent crystal
layers.
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The expected energy resolution on a photon cluster is of the order of 2%/+/E as already ob-
tained in a test with a prototype [10]. The BGO crystal has a high light yield and a fast response
but a relatively slow decay time. In fact, 10% of the BGO scintillating light decays in 60 ns, while
the remaining 90% decays in about 300 ns. This requires an efficient multi-hits reconstruction of
signals overlapping in time and an off-line correction to recover the signal tail outside the sampling
window of 1 usec.

The fast small angle calorimeter (SAC) is placed 50 cm behind ECAL, in correspondence of
the 10.5x10.5 cm? central hole, where the Bremsstrahlung photon rate is too high for the ECAL.
It consists of 25 Cherenkov PbF; crystals of 3x3x 14 cm? size, which are readout by Hamamatsu
R13478UV photomultipliers. Thanks to the fast Cherenkov light signal (about 2.2 ns for a signal
to be completely developed), the pile-up is very low and a single crystal can handle a photon rate
of about 300 MHz with an offline multi-hits reconstruction based on a peak finder algorithm.
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Figure 4: Schematic drawing of: PADME interaction region (left), where the diamond active target is
located, PADME positron veto (center), and PADME electromagnetic calorimeter system (right).

3.4 The data acquisition system

The PADME data acquisition system is based on the paradigm to digitize and store the wave-
forms of each detector channel in order to preserve timing information and mitigate the effect of
the pile-up by offline signal processing. In Fig. 5 examples of typical waveforms for each detector
are shown. The diamond detector signals are integrated on the entire readout window to extract
the number of POT per bunch and determine the beam position with a charge-weighting algorithm.
The other detectors must reconstruct single physical objects, such as MIPs and photons, with a
timing resolution better than 1 nsec and a multi-hit reconstruction algorithm is needed. For the
Veto detector and the ECAL, the algorithms must disentangle signals overlapping in time, keeping
good efficiency and time resolution, and for the ECAL also good energy resolution.

Approximately 1000 front-end channels are sampled with 12 bit ADC, in a range of 1 V, at a
speed of 1-2.5 Gs/s by thirty VME CAEN V1742 digitizer modules, each one equipped with 32
channels.

The trigger signals (Physics, Cosmics, and Random) are generated by the CPU Trigger Board
and delivered to all digitizer modules (2x32 channels) by the Trigger Distribution Boards. The
Physics trigger is synchronous with the BTF clock of 50 Hz and the Cosmics and Random triggers
are asynchronous and interleaved in the data.

The events are further filtered on-line by two Trigger levels: Level 0 servers perform data
collection from single boards and zero suppression, while Level 1 servers perform event merging
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and, eventually, a further selection based on full event information. The event data size corresponds
to about 900 KB/bunch and the sustained data throughput is 60 MB/s.
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Figure 5: A typical digitized waveform of the active diamond target (a), of the charged particle veto (b),
of the SAC (c), and of the BGO calorimeter (d) for a positron bunch of about 20000 positron and 250 nsec
time duration. The number of particles crossing the channel varies with the detector: many thousands for
the target, four for the charged particle veto, few tens for the SAC, and one for the ECAL.

4. Conclusions

PADME is the first experiment to search for a dark photon with the missing mass technique
and a pulsed positron beam.

The detector and the data acquisition system reached the design performances and 7.5x 10'2
POT were collected with stable positrons beams during the experiment commissioning runs.

The next steps of the collaboration is to finalize the detectors absolute calibration, to mea-
sure Bremsstrahlung and annihilation cross-sections with the collected data, minimize the beam
background, and, finally, to do a physics run in 2020 to collect up to about 10'3 POT.
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