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The PADME experiment at the Beam Test Facility of the DA®NE LINAC at INFN Laboratori
Nazionali di Frascati aims to explore the existence of light, weakly interacting particles produced
in positron—electron annihilation. It employs a positron beam, produced at DA®NE LINAC, im-
pinging on a thin target together with a detector optimised for the reconstruction of electromagnetic
final states. This contribution presents the results from the Run III data-taking campaign, where a
fine scan of the center-of-mass energy was performed to probe the presence of a narrow resonance
around 17 MeV, motivated by anomalies observed in nuclear transitions. No statistically signifi-
cant excess is found beyond the (1.77 + 0.15) standard deviations, and constraints are set on the
coupling of a hypothetical vector boson to electrons, improving the sensitivity of PADME in pre-
viously unexplored regions of the parameter space. To improve the neutral background rejection
capability, for the new data-taking period (Run IV) the experiment underwent a major upgrade
with the installation of a Micromegas-based tracking detector, allowing a three-dimensional track
reconstruction with high spatial resolution. The detector was validated before installation and

used during commissioning and data-taking, and its first performance results are reported.
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1. Introduction

In recent years, the ATOMKI Collaboration has reported anomalies in the angular distributions
of electron—positron pairs emitted in the internal pair conversion of excited nuclear states in $Be,
“He and '>C [1-3]. These observations can be interpreted as the production of a new neutral boson
with a mass around 17 MeV/c?, commonly referred to as X17, with possible vector or pseudo-
scalar couplings to Standard Model particles. Given its coupling to charged leptons, such a particle
could be produced in positron—electron annihilation processes e*e™ — e*e™ [4]. This motivates a
fixed-target experimental approach, where a positron beam interacts with atomic electrons and the
production rate for the leptonic pair final state is measured as a function of /s.

The PADME experiment is designed to exploit this approach by performing a high-resolution
scan of the center-of-mass energy in the region of interest. By varying the positron beam energy
around ~ 283 MeV, corresponding to 4/s ~ 17 MeV, and measuring two-body final states, it is
possible to search for a resonant contribution with minimal dependence on model assumptions [5].

2. The PADME Setup

The PADME experiment operates at the Beam Test Facility of the DA®NE LINAC at INFN
Laboratori Nazionali di Frascati [6]. It is based on a fixed-target configuration, where a positron
beam, delivered with a repetition rate of 49 Hz, impinges on a ~ 100 pm active target, and the final-
state particles are detected downstream. The active target is a polycrystalline diamond detector,
which acts both as interaction point and as beam monitor. Downstream of the target, particles
propagate in a vacuum region toward the electromagnetic calorimeter, which is the main detector
used for the reconstruction of final states. The calorimeter is composed of 616 BGO crystals with
dimensions 21 x 21 x 230 mm?, corresponding to more than 20 radiation lengths, featuring a central
hole to allow the non-interacting beam to pass through. Additional sub-detectors are included in
the setup. A scintillator-based hodoscope (ETagger), placed in front of the calorimeter, provides
discrimination between charged particles and photons. A high-granularity silicon pixel detector
based on TimePix3 technology is used to monitor the beam profile and position, while a lead-glass
calorimeter located downstream of the calorimeter acceptance measures the total beam energy and
is used to estimate the positron flux. A top view of the detector configuration during Run III is
shown in Fig. 1.

A fine scan of the center-of-mass energy of 14 < +/s < 23 MeV was performed using 42 points
in the range corresponding to beam energies between 263 and 299 MeV, with steps of about 20 keV
in /s. In addition, several out-of-resonance points were collected at lower and higher energies,
where the production of a 17 MeV/c? resonance is either suppressed or kinematically forbidden,
providing control samples for background and normalisation studies.

3. Run III Analysis Strategy

The analysis is based on the measurement of two-body final states produced in positron—electron
annihilation looking for an anomaly in the observed yield with respect to the Standard Model
expectation. The key observable is defined as the ratio between the number of selected two-body
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Figure 1: Top-view layout of the PADME detector in the Run III configuration.

events, N,, and the expected background yield, B, normalised to the number of positrons on target

Npqt,
Na(s)

NPOT(S) X B(S) .

In the absence of new physics, this quantity is expected to be equal to unity, up to small corrections

gr(s) = ey

arising from experimental and theoretical effects. These effects are expected to be linearly dependent
on /s and are collectively referred to as K(s). A signal contribution would instead produce a
deviation from this expectation, whose magnitude depends on the signal yield, S, and on the selection
efficiency, &,;,. The analysis is then formulated as a hypothesis test between a background-only
scenario and a signal-plus-background scenario [7]:

S(s; Mx, gve)€sig(s))
B(s) ’

gr(s) = K(s) vs.  gr(s) =K(s) |1+ (2)
where Mx and g, are the mass and the coupling of the new resonance, respectively. The comparison
is performed through a statistical procedure based on the measured distribution of ggr(s) across the
scanned energy points.

A precise control of systematic uncertainties on all input quantities is essential for the sensi-
tivity of the measurement. Systematic uncertainties are divided into components that are either
uncorrelated or correlated across the scanned energy points. The total uncorrelated contribution to
gr(s) is about 0.88%, with the relative weight of the different sources shown in Figure 2. Correlated
effects are instead the ones that affect the factor K (s). The total amount is about 2.8% and is largely
driven by the absolute calibration of the lead-glass, the corrections applied to the positron flux
determination, and the normalisation of B(s) to data collected below the resonance region.

The analysis of each energy point relies on a dedicated MC simulation of the detector re-
sponse [8] based on the Geant4 framework [9].

3.1 Event Selection

The selection of candidate events is based on the identification of two-body final states using
the information provided by the electromagnetic calorimeter (ECal) [10]. ECal hits that are close in
time and in space are grouped together into energy clusters. The selection algorithm is designed to
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Figure 2: Relative contributions of the main sources of systematic and statistical uncertainty to the total
uncorrelated uncertainty on the observable gg, along the Run III energy scan.

be as independent as possible from variations in beam conditions and detector response. Events are
required to contain exactly two energy clusters reconstructed within the geometric acceptance of
the calorimeter. The allowed radial region is defined by an upper bound R,«, fixed by the detector
dimensions, and a lower bound Ry,, which depends on the center-of-mass energy and ensures
that both particles fall within the fiducial acceptance. Additional constraints are imposed on the
cluster energies, which are also v/s-dependent, to ensure consistency with two-body kinematics.
The illumination of the calorimeter is affected by the presence of the magnet aperture, leading
to non-uniform acceptance in the azimuthal angle. To mitigate this effect, specific regions in ¢
are excluded, resulting in an acceptance loss of about 30%. Further requirements are applied on
the relative properties of the two clusters. The time difference between the clusters is required
to satisfy AT < 5 ns, ensuring that both originate from the same interaction, while a minimum
spatial separation AR > 60 mm is imposed to suppress split clusters. In addition, the kinematic
consistency of the event is evaluated in the center-of-mass frame through the variables ¢; — ¢, and
01 + 6,. Two-body final states are expected to populate a well-defined region around ¢; — ¢ ~ 7
and 6; + 6, ~ . The signal region is defined as a 30 interval around this peak, as shown in
Figure 3 while a nearby sideband region is used to estimate and normalise the residual background
contribution. A small contamination, at the level of about 4%, originating from Bremsstrahlung
processes in the target, is subtracted to obtain the final estimate of the number of selected events
N».

3.2 Background Estimation

The dominant background contributions arise from Standard Model two-body processes,
namely Bhabha scattering (e*e~™ — e*e™) and two-photon annihilation (e*e™ — vyy). The
expected background yield per positron on target, B(s), is evaluated using a detailed Monte Carlo
(MC) simulation of the detector response, and validated through comparisons with data. The re-
construction efficiency of electromagnetic clusters is estimated using a data-driven Tag-and-Probe
technique, which provides a direct comparison between data and simulation. The ratio between
the efficiencies measured in data and MC is found to be consistent with unity within uncertainties.
Several effects can impact the reliability of the background estimation. Variations in the beam po-
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Figure 3: Distribution of selected two-cluster events in the (6, + 6, @1 —¢>) plane. The black box indicates
the signal region used in the analysis, while the green region is used as sideband for background studies.

sition and shape, in particular along the vertical direction, modify the detector acceptance, leading
to changes at the level of 0.08%—0.1% per millimetre of displacement. In addition, the stability of
the selection cuts is affected by edge effects and potential leakage of clusters outside the fiducial
region. These effects are evaluated by varying the selection boundaries, in particular Ry,x, and
comparing data and simulation. To reduce the impact of systematic uncertainties on the absolute
normalisation, the background yield is normalised to data collected at energies below the resonance
region, where no signal contribution is expected. This procedure improves the overall precision of
the measurement.

Finally, radiative corrections to the underlying processes, including e*e~ () and yy(y) final
states, are taken into account using the BABAYAGA generator [11, 12]. These corrections lead to
a reduction of the total cross section of about 3% at 4/s = 16.92 MeV and introduce a dependence
on the center-of-mass energy with a slope of approximately —0.6(6)% MeV ! .

3.3 Positron on Target Estimation

The number of positrons on target, Npor is determined from the charge collected by the lead-
glass calorimeter located downstream of the detector. The relation between the measured charge
and the number of positrons is established through a calibration procedure, allowing the conversion
of the detector response into an absolute estimate of the positron flux [13]. Several corrections
are applied to account for effects that can bias the measurement. Radiation-induced losses in
the lead-glass calorimeter, caused by an accumulated dose of about 2.5 krad during Run III, lead
to a degradation of the detector transparency. This effect is quantified using two independent
observables correlated with the beam flux: the charge measured in the active target and the total
energy deposited in the electromagnetic calorimeter. Both observables exhibit a linear dependence
on the integrated flux, from which a relative decrease of the lead-glass response of (0.097 + 0.007)
is extracted. The positron flux is corrected accordingly, and the associated uncertainty is propagated
both to the normalisation and to its energy dependence. Additional corrections account for energy
losses of the beam in passive materials upstream of the lead-glass calorimeter, in particular in
the TimePix cooling system. These losses depend on the beam position and conditions, and are
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evaluated using dedicated test beam measurements to validate MC simulations. The resulting
corrections are applied on an energy-point basis to ensure an accurate determination of Npgr across
the full scan.

3.4 Signal Modelling

The expected signal from the production of an X17 boson is modelled as a resonant contri-
bution in the distribution of the center-of-mass energy and the width is significantly broadened by
experimental effects, receiving contributions from the beam energy spread and the motion of atomic
electrons in the target [14]. The resulting distribution is described by a Voigt profile, obtained from
the convolution of a Gaussian component, associated with the beam energy spread, and a Lorentzian
component, related to the intrinsic width of the process. The parameters of the Lorentzian com-
ponent are taken from theoretical calculations, with a width of 1.72(4) MeV around the resonance
energy, while the relative beam energy spread is measured to be 0.25(5)% . The uncertainties on
these parameters are treated as nuisance parameters in the statistical analysis. The signal efficiency,
&ig (), is determined from MC simulation. To reduce sensitivity to detector-related systematic
uncertainties, the analysis relies on the ratio &q(s)/B(s), which benefits from the similar detector
response to signal and background processes. This ratio is found to vary linearly with the center-of-
mass energy and the parameters of this linear parametrisation are included as nuisance parameters
in the statistical interpretation. Their relative uncertainties are of the order of 0.1% for the constant
term and 3% for the slope, with a small negative correlation of about —1.8%, reflecting the stability
of the efficiency modelling across the scanned energy range.

4. Run III Results

4.1 The Unblinding Procedure

Given the expected width of the signal induced by the beam energy spread and by the motion
of atomic electrons in the target, the X17 resonance would not appear as a narrow peak in the /s
distribution. As a consequence, it is not possible to define a conventional sideband region in /s to
validate the statistical procedure prior to inspecting the signal region. To address this limitation,
a dedicated blind analysis strategy was developed defining an effective sideband directly in the
observable gr(s) by masking a subset of energy points (10 points) in the scan [15]. The position
of the masked region is chosen by maximising the probability of the linear fit to the remaining data,
under the background-only hypothesis, without revealing its location to the analysers. In this way,
the unmasked data can be used to validate the analysis procedure while preserving blindness with
respect to a potential signal. A set of validation criteria is applied before unblinding. These are
based on the goodness of the linear fit to gg (i), the statistical properties of the fit residuals (pulls),
and the consistency of the fitted parameters with their expected values. Only after all validation
conditions are satisfied, the masked region is revealed and included in the final analysis. This
procedure ensures control of possible systematic effects while avoiding bias in the interpretation of
the results .



Results from PADME Experiment Chiara Arcangeletti for the PADME Collaboration >

4.2 Statistical Treatment

The statistical interpretation of the data is based on a hypothesis test comparing the background-
only scenario with the signal-plus-background hypothesis, for different resonance mass values Mx.
The test is constructed using a likelihood function that depends on the measured observable gg (s)
and on a set of nuisance parameters accounting for systematic uncertainties. The test statistic is
defined as the ratio of likelihoods between the two hypotheses. The exclusion limits are derived using
the modified frequentist C Ly method, where the confidence level is defined as CL; = %’ with
ps and p;, representing the probabilities of the test statistic under the signal-plus-background and
background-only hypotheses, respectively [7, 15]. For each mass hypothesis, pseudo-experiments
are generated to evaluate the distribution of the test statistic, allowing the determination of upper

limits on the coupling strength g, at a given confidence level.

4.3 Results

The observed 90% CL upper limit is shown as a solid red line in the left panel of Fig. 4,
together with the median background-only expectation and the related 10 and +20 sensitivity
bands. A local excess is observed at Mx = 16.90 MeV/c? for g,. = 5.6 x 107*, where the limit
exceeds the 20~ expectation band, corresponding to a local p-value of 1% (2.507). The right panel
of Fig. 4 displays the measured values of the observable gg(s) as a function of the center-of-mass
energy. The data sidebands background-only linear fit obtained from the validation procedure is
shown as a solid line, while the masked data points are drawn in red. An excess of events is
observed at a center-of-mass energy corresponding to a mass of approximately 16.9 MeV/c?. The
local significance of this excess is about 2.50°, while the global significance, accounting for the
look-elsewhere effect across the scanned mass range, is (1.77 + 0.15)c0 . This result is consistent
with a statistical fluctuation within the current experimental sensitivity.
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Figure 4: Left panel: observed (solid line) and expected (dashed line) 90% confidence level upper limits on
the electron coupling g, of the X;7 boson as a function of its mass, in absence of a signal. The green and
yellow bands feature a +10 and +20 coverage. The gray filled areas are the excluded regions at 90% CL
from the KLOE [16] and NA64 [17] experiments. Right panel: measured values of the observable gr as a
function of the center-of-mass energy. Circle (square) points denote the data collected in Scan 1 (Scan 2).
Red points denote the region masked by the automatic unblinding procedure. The solid blue curve represents
a fit to the sideband points, assuming only background contributions. The dashed red line interpolates the
sideband fit into the masked region. Finally, the solid orange line denotes the full S+B fit to the data.
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5. The PADME Upgrade for Run IV

The Run IIT results highlight the capability of the PADME experiment to perform precision
measurements of two-body final states with sub-percent uncertainties. This motivates a new data-
taking period, Run IV, with an upgraded setup and the goal of increasing the overall sensitivity
and clarifying the nature of the observed excess. Firstly, the active diamond target has been moved
downstream by approximately 30 cm, and its readout has been upgraded, increasing the geometrical
acceptance of the electromagnetic calorimeter. Secondly, the measurement of the positron flux has
also been improved through the introduction of an online monitoring system for radiation-induced
losses in the lead-glass calorimeter, allowing a more precise and time-dependent calibration of the
detector response and addressing one of the dominant sources of systematic uncertainty in Run III.
Furthermore, passive material along the beamline has been reduced and the analysing magnet has
been fully degaussed.

The major upgrade of the setup is the introduction of new gaseous tracking detectors based on
Micromegas technology [18-20]. A large-area detector (padMMe) has been installed in front of
the electromagnetic calorimeter, replacing the ETagger, while a second, more compact Micromegas
chamber (TMM) has been positioned downstream to replace the TimePix beam monitor. These
detectors provide both tracking capabilities and beam monitoring at multiple points along the
beamline. The upgraded configuration enables the measurement of the beam properties at three
different locations (target, padMMe, and TMM), significantly improving the control of beam-
related systematics. In addition, the availability of tracking information from padMMe allows for
an improved discrimination between e*e~ and yy final states and enhances the angular resolution
of the reconstructed events.

5.1 padMMe: Micromegas Tracker

The padMMe tracker is a Micromegas detector operated in Time Projection Chamber (TPC)
mode. The detector consists of an active area of 65 x 65 cm? and is based on a resistive Micromegas
structure with a floating mesh, which defines an amplification gap of approximately 128 um.
Two drift regions of 5 cm each are implemented, allowing the reconstruction of the longitudinal
coordinate z from the electron drift time, with corresponding two readout planes. The readout plane
is made of two-dimensional strip layers, with a pitch of 1.2 mm, enabling the reconstruction of both
transverse coordinates, x and y. A novel diamond-shaped segmentation is used to reduce capacitive
coupling between the two views and to maintain comparable performance in both coordinates.
The expected spatial resolution in the transverse plane is at the level of a few hundred ym . The
detector is operated with an Ar : CF, : iC4Hg (88:10:2) gas mixture, providing a drift velocity
of approximately 10.5 cm/us. The readout electronics is based on APV25 chips [21], with a
time window of about 675 ns, sufficient to sample the full drift time of the detector. To optimise
performance in the high-rate beam region, the detector is segmented into multiple high-voltage
regions. The inner region, crossed by the non-interacting beam particles, is operated at reduced
gain, while the outer regions operate at higher gain.
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5.2 padMMe Preliminary Performance Studies

The detector has been extensively tested and validated prior to installation using cosmic rays.
These studies demonstrate stable operation at nominal voltages, with a gain of the order of 10* and a
hit efficiency exceeding 90% at typical operating conditions . The reconstruction of particle tracks
is performed by combining information from the two readout planes and from the drift time. The
transverse coordinates are determined from the strip positions, while the longitudinal coordinate
is reconstructed from the measured drift time using the known drift velocity. This allows full
three-dimensional track reconstruction, as shown in the left panel of Fig. 5. From the analysis of
cosmic-ray data, the detector achieves a spatial resolution of approximately o y ~ 300-350 um
in the transverse plane and o, ~ 1-2 mm along the drift direction, with potential for further
improvement through refined time calibration. These results are consistent with expectations based
on the detector design.

The padMMe detector has also been used during commissioning to monitor the positron beam.
Itis capable of reconstructing the beam spot position and its spread with a resolution at the millimetre
level, with measured beam sizes of the order of a few millimetres, as shown in the right panel of
Fig. 5. Tracking performance has been demonstrated also under high-occupancy conditions, up to
about 50%, where multiple particle tracks are present simultaneously.
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Figure 5: Left panel: Reconstructed z positions of the hits with cosmic data: the black points are for the x
hits while the red ones are for the y hits. Right panel: Beam profile reconstruction along the y coordinate.

6. Conclusion

The PADME experiment has carried out a high-precision search for a light vector boson
around 17 MeV/c? through a resonant scan of positron—electron annihilation and with Run III
analysis achieved sub-percent control of systematic uncertainties. No conclusive evidence for a new
particle is observed. An excess at 16.9 MeV/c? is found with a local significance of about 2.5¢,
corresponding to a global significance of (1.77 + 0.15)0, consistent with a statistical fluctuation.
To improve sensitivity and clarify this hint, a major upgrade has been implemented for Run IV,
including improved geometry and Micromegas-based tracking detectors. These improvements are
expected to reduce systematic uncertainties, have a better discrimination between charged and
neutral final states, and enhance reconstruction capabilities.
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