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Abstract: In recent years, the absence of experimental evidence for searches dedicated to dark matter
has triggered the development of new ideas on the nature of this entity, which manifests at the
cosmological level. Some of these can be explored by small experiments with a short timescale and
an investment that can be afforded by national laboratories, such as the Frascati one. This is the main
reason why a laboratory that, traditionally, was focused in particle physics studies with accelerators
has begun intense activity in this field of research.
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1. Introduction

The Frascati National Laboratory of INFN has always been at the forefront of scientific
research in the field of fundamental particle physics and in that of particle accelerator
development. These two sectors have strongly overlapped since the first e™ e~ collisions,
realized in ADA (the first world particle collider), as well as in more recent times with the
still ongoing experimental activity at the DA®NE collider.

With the recent approval of the EUPRAXIA project [1,2], the laboratory is entering a
new era. In less than ten years, a new machine will be built, with the ambitious goal of
becoming the first user facility that exploits plasma acceleration. This machine will serve a
vast community of users, which, however, will be outside of the fundamental physics sector.
Therefore, to continue to play a role in the community of particle physics, a diversification
of the scientific program of the laboratory is ongoing.

A critical analysis of the available infrastructures showed that some relevant measure-
ments could be performed in the search for extensions of the Standard Model to explain
the nature of dark matter. The theoretical background of this program has its roots in the
hypothesis that dark matter could be explained by admitting low energy feebly interacting
particles as an alternative to the WIMPs paradigm.

This paper illustrates the present and the near future programs of the laboratory in the
sector of dark matter search. After an overview of the available infrastructures, the details
of the two pillars that constituted this program are given: the search for QCD axions and
the investigation of the existence of dark sectors .

2. The Frascati National Laboratory

The Frascati National Laboratory (LNF) is the largest and the first built of the four
laboratories that the Italian Institute for Nuclear Physics (INFN) owns. The Institute
was founded almost seventy years ago with the primary intention to provide Italy with
its first particle accelerator: an electron-synchrotron of 1.1 GeV energy. Since then, the
research activities carried out at LNF have always been in the fields of high energy physics,
accelerator operation and development, and interdisciplinary research, with a perfect
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balance between internal activities, taking place on site, and external ones conducted in the
major laboratories all over the world.

The LNF is also the place where the first matter-antimatter collider was built: AdA—
an electron-positron collider with a center of mass energy of 500 MeV [3]. AdA was not
conceived as an accelerator to provide beam for experiments, but it was an experiment
itself. The goal was to demonstrate that particles and antiparticles could be accelerated and
then collide, in proper points, in the same vacuum pipe. After the success of this pioneering
enterprise, the largest e™ e~ collider was built: ADONE, with a center of mass energy of
3 GeV [4]. ADONE’s experiments revolved around QED tests, proton and neutron form
factors, muon study, and multi-hadron production.

ADONE operated at LNF from 1969 to 1993, when it was dismounted to leave the
floor to a collider of new conception: DA®PNE [5]. DA®NE is a $-factory, i.e., a collider
whose c.m. energy was selected to produce ¢ mesons at a high rate . The experiments
conducted at DA®NE concerned precision studies of CP-violation (KLOE) [6], low energy
QCD (KLOE2 [7], DEAR [8], SIDDHARTA [9]), and hypernuclear physics (FINUDA) [10].

Today, LNF stands over an area of 135,000 m?, of which 56,000 are indoors and
which includes offices, laboratories, and service areas. For what concerns the accelerator
infrastructures, this is what is available at LNF:

e DA®NE, ane™ e~ collider, unique in Europe, operated at ¢ energy and able to deliver
instantaneous luminosities £ ~ 2 x 103 cm =2 s~ 1.

¢ DAO®NE-light, a synchrotron light laboratory, housing several synchrotron radiation
lines extracted from the electron ring of DA®NE in the soft-X and infrared range.

* a Beam Test Facility, BTF, an experimental area equipped for detector and beam
diagnostic tests. Here, two beam lines, extracted from the DA®NE LINAC, can
provide beams of electrons, positrons, photons of variable intensity and energy [11].

e SPARC_LAB, a complex hosting a photo-injector that can produce high brightness
electron beams up to 170 MeV (SPARC), which feeds a 12-m long undulator for FEL
generation and a laser (FLAME) of power ~200 TW. The SPARC_LAB is an infras-
tructure for R&D on new techniques of particle acceleration and for interdisciplinary
studies, including PWFA and LWFA experiments, TeraHertz radiation and a Compton
source [12].

Figure 1 shows an aerial view of the LNF premises with the main infrastructures
previously mentioned indicated.

Figure 1. Aerial view of the Laboratori Nazionali di Frascati (LNF); the main infrastructures of the
laboratory are indicated (see text for more details).

Since the early days, together with the development, construction, and operation of
accelerators, LNF activity has been strongly committed to the design and construction of
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the forefront of detectors for particle, nuclear, and astroparticle physics. LNF hosts large
assembly halls with several clean rooms (for a total surface of about 480 m?) equipped with
special tools for designing and building large and complex experimental equipment.

These are continuously used to contribute to experiments taking place in the major
laboratories all over the world. At present, for instance, some of the upgrades of the
LHC apparata (i.e., ATLAS, CMS, LHCb, and ALICE) are taking place in these halls. To
complete the panorama a mechanical workshop, an electronic service, a powerful and
modern computing center, involved in the GRID Tier2 network, and a medical physics
service unique within INFN are also available .

As already mentioned, the research activity ongoing at LNF comprises on-site and
external projects. In recent years, the center of the on-site work has been the DA®NE
complex; however, this era, after about twenty years of operation, is coming to an end. As
a general consideration, forefront particle physics has become something that, due to the
costs and dimensions, cannot be afforded by national laboratories. On the other side, to
justify big infrastructures and resources, a laboratory should have the capability to produce
in-house scientific results. This is the main reason that triggered, at LNF, a widening of
interests and started the development of new activities in the field of the dark matter. In
the following sections, all the details of this research program are discussed.

3. The Problem of Dark Matter

The idea of the existence in the universe of some form of non-conventional matter dates
back to cosmological studies carried out in the first half of twentieth century. Currently, the
observational evidence of some form of matter leftover from the Big Bang that produces
gravitational effects but is almost not subject to electromagnetic interaction, generically
referred to as “cold dark matter” (DM), increased and this concept then became part of
modern cosmological models [13].

By using different approaches (i.e., mass-to-light ratio calculations, stellar velocity
determination, and the virial theorem) cosmologists computed an amount of DM in the
universe in about 84.4% of the total matter density. However, admitting its existence does
not imply that its nature is known. At present, the most accredited scenario considers
DM constituted by new particles almost electrically neutral, cold, collisionless, or self-
interacting [14]. Few constraints about the mass are possible, and model predictions span
a very wide range (i.e., 1022 = 10'2 eV [15]), while, for the lifetime, this should be of the
order of the age of the universe.

The Standard Model (SM) of particle physics does not offer any candidate fitting
these requirements, and this, together with the need to explain some observed anomaly;,
has triggered the development of various extensions of the SM that could also account
for the DM. Examples of the new elaborated theories include weakly-interacting massive
particles (WIMPs) motivated by the weak hierarchy problem, such as neutralinos in the
supersymmetric models [16], as well as extremely light axion particles [17] associated with
the solution to the strong CP problem in QCD [18]. The cosmic abundance of these particles
turned out to be close to the DM abundance inferred from the cosmological observations,
and this coincidence has motivated decades of efforts of experimental searches (for a recent
review of WIMP theory and experimental searches see [19]).

Given its importance, there is urgency in identifying the physics of dark matter, and
this has made its search more broad. For example, there are no reasons why it cannot be
produced at particle accelerators, and any running particle physics experiment looking for
phenomena beyond the SM is implicitly also participating in this hunt.

On the other hand, the absence of sizable DM interactions with ordinary matter gives
credit to the hypothesis that it consists of particles neutral under SM forces but perhaps
charged under new forces not yet discovered. In general, they should be similar in structure
to the known ones, but coupled only indirectly to ordinary matter. This scenario has been
described by many theoretical extensions of the SM, and, in addition to gravity, there are
few well-motivated interactions allowed by SM symmetries that provide a “portal” from the
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ordinary sector into the dark sector [20]. “While particle physics has traditionally focused
on exploring matter at ever-smaller scales through high-energy experiments, testing this
dark-sector hypothesis requires innovative low energy experiments that use high-intensity
beams and/or high-sensitivity detectors [21]”.

This novel approach to the DM problem gave impulse to a new set of dedicated
experiments and/or of new analyses of existing data, together with an intense theoretical
work. In this new landscape, the LNF decided to play a role, and two specific subjects
were identified as accessible with the available know-how and the above mentioned
infrastructures.

4. Search for the QCD Axion

The axion is an hypothetical particle introduced to solve the strong CP problem of
QCD [18,22-24]. Provided their mass is in the range 1 peV < m, < 10 meV, axions can
contribute significantly to the energy density of the universe in the form of DM clustered
inside galactic halos [17,25-27] and are possibly observable by means of detectors called
haloscopes. A haloscope [28,29] consists of a resonant cavity immersed in a static magnetic
field that stimulates the axion conversion into photons through the Primakoff effect. When
the cavity resonant frequency v, is tuned to the axion mass myc?/h, the expected power
deposited by DM axions is given by [30]

= (S Wpn | x (LB CooQs M
mg 1+ o ° '

where p,; ~ 0.4-0.45GeV/cm? is the local DM density, and g4, is the coupling constant ap-
pearing in the Lagrangian describing the axion—photon interaction. The second parenthesis
contains the vacuum permeability ji(, the magnetic field strength By, the cavity volume
V, its angular frequency w, = 27v,, the coupling between cavity and receiver 5, and the
loaded quality factor Q; = Qp/ (1 + B), with Qp as the unloaded quality factor. Cyyg is a ge-
ometrical factor equal to about 0.69 for the TM010 mode of a cylindrical cavity. The typical
signal power is on the order of 10722 W. Several experiments rely on the haloscope or simi-
lar concept: ADMX [31,32], HAYSTAC [33,34], ORGAN [35], CAPP [36,37], RADES [38],
QUAX[30,39] and KLASH [40], MADMAX [41], BRASS [42], ABRACADABRA [43], and
CASPER [44].

An important figure of merit of a haloscope is the time required to probe a region of
axion masses with a given sensitivity, summarized by the scanning rate:

dm, B3V*Qy
« 20V KL

dt T2

@

where Ty is the effective noise temperature of the system.

4.1. The QUAX Experiment at LNF

The QUAX (QUaerere AXion) experiment was proposed as a modified haloscope
containing magnetized media to detect galactic axions through their coupling to the electron
spin [45]. The first QUAX haloscope, at the Laboratori Nazionali di Legnaro (LNL) of INFN
led to limits both for the axions coupling to electrons [39,46], the QUAXae experiment,
and the coupling to photons [30,47], the QUAXay experiment. With the latest results,
the QUAX Collaboration reached a sensitivity to QCD axions in the mass region around
40 peV. Further results were obtained in the development of both superconducting [48]
and dielectric [49,50] resonant cavities able to operate with high quality-factor in a strong
magnetic field.

A second haloscope is under construction at the COLD Laboratory [51] at LNF. A
dilution refrigerator was put in operation, a Leiden CF-CS110-1000, with a Sumitomo
pulse-tube with 1.5-W cooling power at 4.2 K, a base temperature of 8 mK, and a mixing
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chamber plate of 490 mm in diameter. The cooling power of the dilution refrigerator was
measured to be 450 uW at 100 mK that will be extended up to 700 uW by improving the
pumping capacity with a new turbo pump.

The refrigerator is instrumented with four 0.86-mm BeCu-Ag-CuNi coaxial lines
thermalized at different temperatures down to 4 K down to the mixing chamber plate.
The signal is read out through a fifth dedicated superconducting coaxial line connecting
a sample holder at 10 mK, designed to host an amplifier or a single photon-device, to
the HEMT amplifier mounted on the 4-K plate and, with a normal line, up to an SMA
feedthrough on a 300-K flange and room temperature electronics.

The LNF haloscope will operate with a multicavity scheme, as proposed in [35],
with the cavities tuned to different frequencies. Up to seven resonant cavities with the
frequency between 8.5 and 10 GHz may fit inside a newly purchased 9-T magnet with a
10-cm bore taking into account the thickness of the cryostat radiation-shields and cavity
walls. A successful operation of the cavities at the same frequency would further improve
the scanning rate of the experiment. A realistic scan bandwidth of O(1) GHz is feasible
covering the yet unexplored region from about 9 to 10 GHz, while the haloscope at LNL
would cover the region from 10 to 11 GHz, corresponding in total to the axion mass range
from about 35 to 45 peV.

Low-noise signal-amplification from an array of resonant cavities requires a large
bandwidth quantum-limited amplifier. Within the project DART WARS (Detector Array
Readout with Traveling Wave AmplifieRS) are under test Traveling Wave Josephson Para-
metric Amplifiers (TWJPA) chips fabricated at INRiM (right panel in Figure 2). TW]JPAs are
based on a coplanar waveguide composed of an array of RF-SQUIDs [52]. The non-linearity
of the inductance associated to the Josephson junctions gives rise to a mixing process that
is exploited to transfer energy from a pump signal to a signal tone.

The INRiM’s implementation of this device, based on common Aluminum nano-
fabrication technology, consists of a repetition of 990 elementary cells with a periodicity of
63 um for a total length of about 6.25 cm. The device can operate both in a three-wave and
in a four-wave mixing regime with an expected amplification ranging from 25 to 35 dBin a
bandwidth from 5 to 10 GHz depending on the operation mode. TW]JPAs are already used
to readout arrays of qubits [53] coupled, through a readout cavity and a bandpass filter to
a feedline terminated to a TWJPA for signal amplification in a 1.2-GHz wide band.

Figure 2. Left: optical image of the RF-chip with JJ] and DC-SQUID fabricated at CNR-IFN for the
SIMP project. Right: TWJPA from INRiM inside the LNF sample holder before bonding.

Resonant cavities will be fabricated using Type II superconductors allowing for im-
provement of the quality factor with respect to copper cavities even when operating in a
magnetic field of several Tesla. Quality factors above 300,000 have been measured inside
a 6-T magnetic field with a NbTi cavity [47,48]. An YBCO cavity was characterized at
7 GHz [54] showing a quality factor of about 330,000 in a 8-T magnetic field. Further tests
are ongoing at LNF with Nb3Sn.

In conclusion, the optimization of the magnetic volume together with the quantum-
limited readout and superconductive cavities will allow the LNF haloscope to perform an
axion search with a scan speed up to about 20 MHz per day.

Further improvements are expected by the development of single microwave photons
detectors under study with the project SIMP [55-58] or the H2020-FET project Super-
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galax [59]. Within the SIMP project, current biased Josephson Junctions (CB]J]) are tested at
LNF as switching detector as described in [60]. Recently, a chip fabricated at the CNR-IFN
in Rome with Al transmission lines terminated by a single JJ or a DC-SQUID was tested at
10 mK (left panel in Figure 2) to determine the sensitivity to RF photons.

4.2. From KLASH to FLASH search for Axions with a Large Volume Haloscope

The KLASH experiment [40] (KLASH, KLoe magnet for Axion SearcH) proposes
the realization of a haloscope devoted to the detection for sub-ueV axion by recycling
the no-longer used KLOE [61] magnet and the DA®NE cryogenic plant. KLOE is a
superconducting solenoid magnet with a very large size bore, able to accommodate a
cryrogenic resonant cavity with a diameter of up to 3.7 m.

With the setup described in the CDR [40], it is possible to search for axion scanning
in the frequency range of 65-225 MHz, corresponding to the well motivated mass region
between 0.3 and 1 peV.

On Table 1, the KLASH main parameters are shown for the case of the axion’s lowest
detectable mass. Here, 1, is the axion mass, g{;‘»‘;’ Z is the axion’s coupling parameter of the
KSVZ model, Py, is the signal power, Rate is the expected axion’s conversion frequency,
Biuax is the nominal KLOE magnetic field, g is the coupling between cavity and receiver, T
is the acquisition time, Tsys is the effective noise temperature of the system, and g, is the
expected axion—photon coupling for the considered m,.

Figure 3 (left) shows the expected exclusion limits on g, for KLASH in the 0.3-1 pueV
mass range, compared with the expectations from the KSVZ and DFSZ models. The
exclusion limits of other existing experiments are also highlighted.

Table 1. Summary of the KLASH parameterd and discovery potential for KSVZ axions.

Parameter Value
mg [ueV] 0.27
SRSy % [GeV ] 1.0 x 10716
Pgio [W] 1.33 x 10~
Rate [Hz] 3050
Bpax [T] 0.6
B 2
T [min] 5
Toys [K] 49
Qayy 90% c.l. [GeV~!] 53 x 107V

| (Gev))

ayy!

nnnnn

Axion Coupling |g

Figure 3. Left: the KLASH discovery potential compared to existing experimental limits. Right:
a section view of the KLOE magnet surrounding the cryostat with its radiation shield and the
copper cavity.
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Simulations showed that the quality factor Q for a copper cavity cooled at 4 K lies in
the range of 3 + 7 x 10° in the considered frequency range. This implies that, in order to
complete the frequency scan, 3.5 years of integral data taking should be foreseen.

The cavity signal readout is based on a cryogenic amplification stage (a microstrip
SQUID amplifier) followed by a room T readout chain, which comprises an RF amplifier
followed by an intermediate frequency mixer and a near audio frequency mixer stage, the
last two arranged in a double-heterodyne receiver.

In the CDR, a preliminary study was carried out about the feasibility and the cost
estimate of the realisation and the installation of a 4 K cryostat containing the copper cavity
above mentioned. The cryostat has to be designed to fit and be inserted in KLOE magnet
bore (Figure 3 right) and should be equipped with a cryogenic turret, which acts as an
interface with the cooling plant. The turret supplies the 4 K liquid and 70 K gaseous Helium
to the cavity and the radiation shield, respectively.

Recently, INFN designated the KLOE magnet to another experiment (DUNE) [62].
Following this decision, the collaboration is considering the possibility to operate the
FINUDA [63] magnet in its place changing the acronym to FLASH (Finuda magnet for
Light Axion SearcH).

FINUDA is a superconducting solenoid similar to KLOE, placed in the DA®NE hall
at LNF and no longer in use since 2007. The differences respect to KLOE lie in the stronger
magnet field (1.1 vs. 0.6 T) and a smaller bore size (2.7 vs. 4.8 m in diameter). From the
axion sensitivity calculation point of view, these differences roughly compensate; therefore,
the expected signal power is very similar for both magnets. The frequency range will be
higher than KLOE, due to the smaller dimension of the cavity. Two options are under
investigation for the FLASH experimental area: either the present location in the DA®NE
hall or in the KLOE hall after the KLOE magnet will be moved.

5. Dark Photon Search

The “dark photon” (A’) is the mediator of a new fifth force, introduced in several
extensions of the SM, able to connect the dark matter, confined in the dark sector, to the
ordinary matter [64]. In this class of models, the fifth force has a U(1) gauge structure
and the force carrier has the quantum numbers of a vector particle, just like the SM
photon [65]. Due to its electromagnetic-like behavior, the new force, often referred as
“portal” interaction, has a very rich phenomenology allowing it to connect any charged
particle and photons to the dark photons and potentially to the dark matter.

Several different production mechanisms exist for the A’, ranging from the analogous
of most common standard model electromagnetic interactions, like A’-Strahlung (e” N —
e~ NA’) and associated production (e*e~ — A’), to meson decays (7°, 77 — yA’). In all
this examples, the dark photon substitutes a SM photon in the EM process of interest. This
characteristic of the new particle to mix with the standard model photon, kinetic mixing,
allows model builders to exploit the A’ to explain several different low energy anomalies
of the SM.

Among the most popular, and very recently confirmed, is the (g —2), [66]. According
to [67], the discrepancy in between SM theory and experimental values of (g —2), can be
solved by the existence of an A’ satisfying the following mass to coupling relation:

2
2 (100Mev> <1x1073, €)
MA/

which forces a weakly coupled particle able to fix the anomaly to have a mass in the few
MeV scale, exactly in the region where the Frascati facilities are the most effective. As
recently suggested by E. Nardi et al. [68], the use of positrons as a beam particle turns on
a new production mechanism—the so called “resonant production” (e~ — A’), which
will be of crucial importance once a target mass for the candidate is identified. This is the
case of the recently discovered ®Be [69] and *He anomalies, pointing to the existence of a
~17 MeV mass new particle.
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5.1. The PADME Experiment
The Positron Annihilation into Dark Matter Experiment (PADME) [70] was developed.
PADME is a fixed target experiment installed at BTF beam line 1 (BTF-1) of LNF. Its goal is
to search for a massive dark photon A’ produced in the annihilation of a beam positron
with an electron in a thin target:
ete” — yA 4)

The signature of the A’ production is represented by the missing mass in the reaction (4).

Myyiss = \/(Pfr + Pe* - PV)Z (5)

where P;(i = e™,e”,7y) represents the four-momentum of the i-particle. Due to the closed
kinematics of (4), the existence of an A’ will appear as a peak on the background distribution
of single photon final states, independently of its decay modes. By assuming that the
electrons in the target, with mass m,, are at rest, and that the positron beam energy is Ep,,;,
(5) becomes:

E
Mipiss = \/Zme[Ebeam - E’Y(l + ;;jm 92)} (6)
e

where E,, and 0 are the energy and the emission angle, respectively, with respect to the
beam direction of the final state photon.

Relation (6) shows that it is fundamental for the experiment to measure, with high
efficiency and precision, the 4-momentum of the photons produced at the target.

The decay modes of the A’ are determined by its mass and by the mass of the particles
populating the dark sector. If the mass of the dark photon is lighter than twice the mass of
any dark particle x, it will only decay into SM particles. If m 4, < 2m, the only accessible
process would be three photons final state, via an electron box diagram. Otherwise, the A’
would decay in leptonic final states. In both these cases, it will be a long lived particle. In
the hypothesis that particles in the dark sector are lighter than the dark photon exit, the
dominant decay mode will be the invisible channel.

The PADME detector was primarily designed to detect A’ production. In the first
phase of the experiment invisible decay modes of this boson will be explored. In case
any hints of a new particle are detected, it is possible to modify the setup to study its
decay modes.

5.2. The PADME Detector

Figure 4 shows the schematic view of the PADME experimental apparatus.

. e* high energy
Dipole magnet veto

e+
Vacuum vessel eam monitor

e* veto

J SAC
el =

=
beam

Active lEssEssEEEEEEEEEEEEEE |
target e~ veto

ECAL

Figure 4. Schematic, top view of the PADME detector. The main components are indicated together
with the tracks corresponding to a Bremsstrahlung event (red) and a yy event (yellow) (see text for
more details).
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The setup consists of the following components:

*  ahigh intensity and low divergence positron beam, impinging on a thin, active target,
capable of monitoring the beam size and intensity (maximum energy 550 MeV);

* avacuum vessel to avoid spurious particle interactions;

e adipole magnet to deflect the beam of positrons emerging from the target, with the
additional task of enabling the measurement of the momentum of the interacting
positrons, thus, allowing the rejection of the Bremsstrahlung background; and

¢  afinely-segmented, high-resolution e.m. calorimeter, to measure the momentum of
the single SM photons (ECal) [71].

Since the processes that mainly take place in the beam-target interaction are
Bremsstrahlung and ete™ — (1), to reject these background events, two extra compo-
nents are crucial:

e A fast Small Angle Calorimeter (SAC), placed behind the central hole of the ECal. This
is used to detect and veto backgrounds photons (mainly from Bremsstrahlung) [72].

e  Three stations of plastic scintillator fingers, located inside the vacuum chamber, two
within the dipole magnet gap (e veto and e~ veto), and the third one on the beam
exit (high energy veto), to veto charged particles produced in the interaction [73].

The signals of all PADME sub-detectors are digitized with CAEN V1742 modules [74],
based on the DRS4 domino chip able to digitize up to 32 channels, with a maximum
selectable sampling rate of 5 GS/s. The main DAQ trigger is provided by the DA®NE
LINAC with a rate of 50 Hz, while, for calibration purposes, there are two other triggers
signals: a cosmic ray trigger, for ECal calibrations, and a random trigger, to study pedestals
and the noise of all detectors.

The PADME detector was built and installed in 2018. It was commissioned on Septem-
ber 2018 and took data until the end of February 2019 (Run1) with a bunch multiplicity of
about 20,000-30,000 positrons distributed over 250 nsec long beam bunches. The collected
data (~7.5 x 10'? POT) were very useful to setup the beam line, to calibrate the detectors,
and to establish the running conditions for the real physics run foreseen for 2020. This first
data taking was mostly performed with positrons produced on a secondary target installed
on the BTF beam-line, and only a small fraction with a primary positron beam produced
and accelerated in the LINAC.

This choice, made to have a slightly higher energy giving access to a wider region
of A’ masses, turned out to be not optimal for the experiment. In fact, the data analysis
clearly showed a relevant beam-induced background related to the beam-line structure.
Therefore, a new technical run (summer 2020) was performed with primary positrons and
a redesigned beam line. At the end of this running period, the background conditions were
strongly reduced, and a second data taking (Run2) was performed. During this period
~5 x 10'2 POT were collected.

5.3. Dark Sector Search with PADME

As already pointed out, PADME is looking for dark sectors signals selecting mono
photon final states resulting from the positrons annihilation on the electrons of the target.
Referring to Figure 4, a dark sector candidate is represented in the PADME setup by a
single cluster detected by the ECAL and nothing else in the other detectors.

These kinds of events have to be isolated from the more abundant final states with
one or more photons, including positron annihilation and positron Bremsstrahlung events.
Table 2 reports the cross-sections for these different SM reactions evaluated for a positron
energy of 550 MeV.
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Table 2. Main interactions occurring in ete™ collisions and corresponding values of cross-sections
evaluated for a positron energy of 550 MeV.

Process o [mb]
ete™ — vy 1.55
e™N — et Ny 4000
ete” = yyy 0.16

The conditions to select mono-photon final states include no extra photons with energy
above 50 MeV in the calorimeters, ECal and SAC, in within a £2 ns time window. To reject
residual Bremsstrahlung background, no hits in the vetoes in time coincidence (+2 ns) with
the single ECAL cluster and with a positrons energy compatible with Ep.,,;, — Ecjyster are
allowed. The lower limit on the mixing constant ¢ measurable in PADME is about 103
and is related to the maximum number of positrons per bunch, compatible with a pile-up
manageable by the detector.

The limit on the mass of the A’ is related to the beam energy; for a beam energy of
550 MeV, an upper value of 23.7 MeV /c? for the mass of the dark photon can be obtained.
The excluded region in the parameter space (1m4/, €2) for invisible decay of the dark photon,
obtained for different values of the integrated luminosity, is shown in Figure 5.

10°f

105}

10°®

107

10° 102 107
M, (GeV/c?)

Figure 5. PADME exclusion region of the parameter space (€2, M 4) for different values of the
integrated luminosity.

More recently the possibility of extended dark sector searches has been explored,
including in the PADME physics program the study of ALPs coupled to electrons and
photons [75] and dark Higgs [76].

5.4. Improvements of the Positron Beam

The main limitation to the statistics of the PADME experiment (or any future modified
version of it) comes from the need of keeping the pile-up and the over-veto probabilities
under control, both in the calorimeters and in the scintillating bars for the charged particle
detection. For this reason, the positron beam has to be diluted in time as much as possible:
in the 2018-2020 data, with the PADME setup installed on the BTF-1 line, the positron
beam intensity was limited depending on the beam pulse length At with the following
rule-of-thumb:

e ~ 102 x At

The pulse length ranged between 150 up to 320 ns, with slightly different maximum
beam energies, due to the two different positron production methods used and the modi-
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fications to the accelerating RF needed for extending the beam pulse duration [77]. The
“primary” positron beam is delivered by the DA®NE LINAC striking electrons, emitted by
the thermo-ionic gun and accelerated to an intermediate energy by the first sections, onto
a “positron converter” target; the produced positrons are, then, brought to the maximum
energy by the following accelerating sections.

In order to produce a lower intensity but higher energy positron beam, all LINAC
sections are used instead for accelerating primary electrons and strike them at the maximum
energy onto the attenuating target of the BTF beam-line. Higher energy “secondary”
positrons produced in the resulting shower are then momentum-selected by the BTF dipole
and collimators. The main parameters of the resulting positron beam with these two
different configurations are listed in Table 3.

Table 3. Main positron beam parameters from DA®NE LINAC in the 2018-2020 PADME data.

Primary et Secondary et
Pulse length 150-320 ns
Maximum energy 490 MeV 545 MeV
Maximum intensity 6 x 1010 10°

The different scenarios for performing dark sector searches using the PADME setup
or a PADME-like experiment and the existing Frascati accelerator complex can be grouped
in the following five categories:

1. Further extending the primary positron beam accelerated by the LINAC: due to the
sharp shape of the compressed RF pulse needed for reaching higher energies, this
is generally achieved at the cost of a reduced maximum energy. A beam length in
the us range can be achieved, having, as a reference, minimum energy the kinematic
threshold for the production of the hypothetical 17 MeV /c? boson postulated for
accounting the anomalies in the 8Be and *He IPC transitions, of ~300 MeV [78].

2. Much longer positron beams, in the ms range, with the same particle density can
be achieved by using one of the DAPNE main rings, or in the case of the smaller
accumulator ring, as an extender of the LINAC beam pulses (POSEYDON project) [79].
The standard technique is exciting a betatron tune resonance (typically close to a third
of integer) to increase the oscillations of the circulating positrons and drive them
toward an extraction septum.

3. The resonant extraction can be improved by using the deflection of positrons due to
coherent processes in bent crystal, like the channeling, volume reflection or mirroring
effects (SHERPA project) [80].

4. A possible continuous beam extraction can be obtained profiting of the transverse
offset of particles due to an energy loss mechanism: positrons can be scattered by
intra-beam elastic interactions (the so-called Touschek effect), or by a thin target (wire)
intercepting the beam periphery, or by the photons of a suitable laser beam (inverse
Compton effect). Eventually, those stray particles will be further deflected by means
of conventional septum magnet.

5. The not-attenuated LINAC pulse, extended to ~300 ns, produces a high intensity elec-
tron (or positron) beam, which can be used for performing a thick target experiment
in the area of the existing DA®NE LINAC dump.

6. Conclusions

The Frascati National Laboratory is the largest and the first built among the INFN
Laboratories. Since its foundation, it has been devoted to two main activities: the develop-
ment, construction, and operation of accelerators; and the design and construction of the
forefront of detectors for particle, nuclear, and astro-particle experiments.
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At present, in operation at LNF are two accelerator facilities: the DA®NE complex
that is completing its scientific program with measurements of low-energy QCD and
provides synchrotron radiation or test-beams to external users, and the SPARC_LAB where
a bright photo-injector, combined with the FLAME laser, constitute a source of high-quality
radiations and the environment to develop new techniques for compact particle accelerators.
Due to the research activities ongoing at the SPARC_LAB, LNF has identified its future in
the EuPRAXIA project and has put forward its candidacy to host one of the major pillars of
this International infrastructure.

This program is moving away from fundamental research in the scientific interests of
the laboratory. Therefore, in order to maintain the capability to contribute to basic science, a
widening of the traditional scientific interests of the laboratory is taking place by exploiting
the presently available infrastructures. These can be used to contribute to the world effort
to identify dark matter signals. Two complementary research programs are being pursued
currently at LNF: the search for QCD axions with resonant detectors and the identification
of dark photon signals at accelerators. Both activities are mature and will deliver results in
the next decade.
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