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Introduction
Speculation around the distribution and velocities of massive bodies in the Universe dates

back as far as the late 19th century. In 1884, Lord Kelvin wrote in a lecture to Johns Hopkins
University: “Many of our supposed thousand million stars, perhaps a great majority of them,
may be dark bodies". He reached this conclusion after the discussion of a star known as “1830
Groombridge", the velocity of which was considered anomalously high [1, p. 274]. Interest in
stellar velocities and their relationships to cosmic mass distributions continued throughout the
last century, and they still intrigue scientists to this day. Importantly, however, evidence exists
at many different scales for the presence of a new type of matter which doesn’t interact through
any of the four known forces, except gravity. This range of sources of evidence reinforces the
problem and gives enhanced credibility to Dark Matter being the solution.

Detailed astronomical observations have led to the Standard Model of Cosmology, in which
dark matter makes up 27% of the energy content and 85% of the matter content of the Universe.
The fact that such a large fraction of the contents of our Universe is still unaccounted for reflects
the difficulty of studying a type of matter which, if it exists, interacts only extremely weakly
with Standard Model particles. One explanation for the weakness of the interactions is that dark
matter exists in a secluded “Dark Sector", which only interacts with the Standard Model through
a new interaction mediated by a new particle. This class of theories are known as “Dark Sector"
theories, and the mediator particle would provide a “portal" to interactions between Standard
Model and Dark Sector particles. The mediator particle can have different quantum numbers
depending on the structure of the theory in question, however, in a certain class of theories in
which the portal interaction has a U(1) structure, the mediator particle can undergo kinetic
mixing with the Standard Model photon. This theoretical connection between Dark Sector and
Standard Model particles gives rise to the name “Dark Photon" for the portal particle.

This is the hypothesis that the PADME experiment was designed to test, exploiting the
unique positron beam conditions found at the Beam Test Facility at the Laboratori Nazionali
di Frascati. An introduction to the Dark Matter Problem can be found in Section 1.1, and the
Dark Sector as a solution to the problem is discussed in Section 1.5.

If a Dark Photon (A′) exists it must satisfy one of two conditions: either it has mass greater
than or equal to twice the electron mass, or it doesn’t. If it is massive enough and if it can
be produced at PADME in positron-electron annihilation events then, assuming time-reversal
symmetry, it must decay to a positron-electron pair. The full reaction would therefore be, at
first order:

e+e− → A′ → e+e−

It can be seen here that the initial and final states are identical to those found in Bhabha
scattering. For this reason, this thesis is a study of Bhabha scattering at the PADME experiment,
with a view to interpreting these results as a potential limit on new physics.

The thesis starts with an introduction to Dark Matter (Chapter 1), then introduces Bhabha
scattering in the Standard Model (Chapter 2). It then goes into detail about the experimental
setup and the PADME detector (Chapter 3) and the reconstruction of the physical quantities
of particles entering the detectors (Chapter 4) and presents a study on how machine learning
tools could be used to improve this reconstruction (Chapter 5). Finally, the analysis strategy
for Bhabha scattering is presented (Chapter 6), and a preliminary interpretation of a result
compatible with the Standard Model within 5% as an exclusion limit on new physics is presented
(Chapter 7).
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Chapter 1

Dark matter and the dark sector

The nature of the physical phenomenon known as “dark matter" is one of the biggest unsolved
questions in modern physics. This chapter will give an overview of the historical evidence for
dark matter and how observed cosmological phenomena led to the hypothesis of a new type
of matter in the Universe. Other, more recent, sources of evidence for dark matter will then
be presented before moving on to a discussion of models in which dark matter is made up of
previously undetected particles.

1.1 Historical evidence of dark matter
According to Newton’s law of gravitation, an object travelling in a stable circular orbit at

distance r from the centre of the orbit must travel at speed v(r) such that:

v(r) =

√
GM(r)

r
(1.1)

Where G is the gravitational constant and M(r) is the integrated mass of everything between
the centre of the orbit and the orbiting object in question. For stars at the edges of galax-
ies, and for galaxies at the edges of galaxy clusters, the mass of objects inside their orbit is
mostly concentrated within some radius R < r, meaning that M(r) can be approximated well
by M(r) ≈ M(R) ≈ const. In this way, Equation (1.1) reduces to:

v(r) ∼ const.√
r

(1.2)

or, converting to angular velocity:

ω(r) ∼ const.

r
√
r

(1.3)

In Fritz Zwicky’s 1930s studies of the Coma cluster of galaxies (then called “nebulae"), he reported
that “the masses of such systems, for a given distribution of average angular velocities throughout
the system, are highly indeterminate, and vice versa" [2]. This inaccurate mapping between
observed mass and rotational velocity of gravitational systems led to Zwicky suggesting that
it was the mass measurements which were imperfect and proposing new mass-measurement
techniques to try to resolve the problem. One of the proposed techniques was gravitational
lensing, a process which is still used as evidence for the existence of dark matter, discussed in
more detail in Section 1.2.1. In 1939 Horace Babcock built on Zwicky’s work, producing the first
“galaxy rotation curve". Figure 1.1 shows that the angular velocity of stars in the Andromeda
galaxy tends to plateau as the distance from the centre of the galaxy increases [3], instead of
decreasing monotonically as expected.
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Figure 1.1: Angular velocity in the Andromeda galaxy in units of 10−15 radians per second
(y-axis), as a function of radius from centre of galaxy in arc minutes (x-axis) [3].

In the 1970s, Vera Rubin and W. Kent Ford performed similar measurements on galaxies
including Andromeda [4], publishing an influential paper in 1980 with detailed measurements
of the rotation curves of several different galaxies[5]. The results from this paper, shown in
Figure 1.2, found a similar effect, with star velocities plateauing instead of falling monotonically
as the stars get further from the centre of the galaxy.

Figure 1.2: Rotation curves showing velocity of stars in galaxy in kms−1 (y-axis) as a function
of their distance from the galactic nucleus, measured in kpc (x-axis), for 21 galaxies considered
in Rubin and Ford’s 1980 paper [5].

Analogous studies undertaken in radio astronomy of the Andromeda galaxy had already found
agreement with optical data which was beginning to demonstrate tension between observation
and classical Newtonian/Keplerian dynamics [6]. Studies using radio telescopes continued in the
1970s, providing a significant body of evidence by 1980 that the mass distribution of galaxies
measured from the distribution of stars did not match the rotational curves, both in the optical
and the radio spectrum. Important figures from papers in the 1970s can be seen in Figures 1.3
and 1.4, which all confirm the same anomaly [7, 8].
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Figure 1.3: Rotation curves from radio telescope measurements of different galaxies, shown
next to the distribution of masses in each galaxy. The bars under the galaxy names show
average radial beam diameters, the spatial resolution of the measurements. R80 is the radius
within which 80% of the observed mass is found [7].

Figure 1.4: Rotation curve of M31 galaxy from Roberts and Whitehurst’s radio telescope
measurements and Rubin and Ford’s optical measurements, shown together with the mass
distribution within the galaxy, indicated by “surface density" [8].
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1.2 Modern evidence for dark matter
In more recent times, progress in astronomical observation has allowed new evidence for dark

matter to be collected from sources other than rotation curves. Some of these sources of evidence
are presented here.

1.2.1 Gravitational lensing
General relativity predicts that gravitational fields have an effect on the motion not only of

objects with mass, but also of anything which has momentum, including light. This means that
very massive objects can act as lenses, bending light passing them. The more massive the object,
the more the path of the light passing it is deflected, allowing measurements of the “lensing" effect
to be used to study the mass distribution of objects in the Universe.

An excellent summary of gravitation lensing measurements as they relate to dark matter is
given in [9], which cites the famous example of the Bullet Cluster as evidence of dark matter.
The Bullet Cluster is in fact two different clusters which collided approximately 150 million
years ago. In the collision, the galaxies in the two clusters largely continued along their original
trajectories since the sparse spatial distribution of the galaxies in the clusters means that the
probability of them interacting, their “self-interaction cross section", is low. The opposite is true
for the intracluster dust, shown in pink in Figure 1.5, which is much more uniformly spread
throughout the clusters, and therefore has a very high self-interaction cross section. The result
is that the gas largely stayed close to the point of interaction of the two clusters. Lensing data
of the light from the clusters shows that most of the mass is located 8σ away from the peaks
of the gas distributions, and that there is approximately 30-40 times the amount of total mass
in the clusters than observed in the galaxies’ stars [9]. This teaches us not only that the stellar
matter is not enough to make up the gravitational mass observed in these clusters, but also that
any dark matter that exists must interact very weakly with itself.

Figure 1.5: The Bullet Cluster, showing X-Ray observations of the gas distribution in pink [10]
and lensing data of the mass distribution in purple [11], together with optical images of
galaxies in the cluster.

1.2.2 Cosmic microwave background
The cosmic microwave background (CMB) is an almost perfect blackbody spectrum of radi-

ation left over from the period known as “recombination", when electrons and protons combined
to form hydrogen atoms, thus making space transparent to radiation. According to the current
Lamda Cold Dark Matter (LCDM) model of cosmology, the existence of stars and galaxies is
due to the small anisotropies created in the Universe by weak ripples in the distribution of dark
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matter which provided a scaffold upon which other types of mass could congregate. These aniso-
tropies can still be seen in the CMB angular power spectrum. The relative height of the peaks
in the angular spectrum shown in Figure 1.6 gives us information about the relative abundance
of normal “baryonic" matter compared to dark matter [12].

Figure 1.6: Angular power spectrum of the CMB, as measured by the Plank satellite[13].

1.3 WIMP models
One dark matter model which has received a lot of attention from the physics community

since the 1980s is based on the idea of Weakly Interacting Massive Particles (WIMPs). These
particles would have relatively large masses, usually within the 10 GeV-10 TeV range, and would
only interact through gravity and potentially new forces with strengths equivalent to or weaker
than the weak nuclear force.

Different techniques can be employed to search for these particles. Indirect detection exper-
iments look for the Standard Model products of WIMP interactions. If WIMPs annihilate or
decay into Standard Model particles, they could create an excess of gamma rays or cosmic rays.
This type of signal is currently being searched for by telescopes such as VERITAS, MAGIC,
Fermi, and H.E.S.S [14–17].

Direct detection experiments for WIMPs look for the interaction of these particles with atomic
nuclei. Experiments mostly fall into one of the following categories:

• Cryogenic crystal detectors: experiments such as CDMS, CRESST, CoGeNT, MINER and
EDELWEISS search for vibrations in cryogenically cooled crystals due to the interaction
of a WIMP with an atomic nucleus [18–22];

• Noble liquid detectors: experiments like XENON, LZ, DEAP and DARKSIDE search for
scintillation light in noble liquid detectors, produced when an atom passes through the
target material after having gained kinetic energy in an interaction with a WIMP [23–26];

• Crystal scintillators: experiments such as DAMA/LIBRA, ANAIS and IceCube operate
on a similar principle to the noble liquid detectors, using solid scintillators in the place of
liquid scintillators [27–29].

Collider experiments such as those at the LHC may be sensitive to WIMPs produced directly
in collisions between Standard Model particles. The experimental signature of WIMPs at colliders
depends strongly on the specific model being considered, but, as discussed in [30], can broadly
be classified as:

• Searches with dark matter in the final state;
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• Searches without dark matter in the final state

In the first case, a common experimental signature is a so-called “monojet", where one highly
energetic jet is observed leaving the interaction point, potentially in combination with up to two
other, less energetic, jets while the missing momentum is carried away in the opposite direction
by the dark matter particle.

In the second, searches can focus on distortions in the di-jet invariant mass spectrum and/or
in angular correlations between the two jets.

The WIMP hypothesis has attracted a lot of attention in the community over the last 3
decades, and the parameter space available to such models has been very well constrained.
Figure 1.7 shows the situation as of 2022, as described in detail in [31]. The lack of observation
of WIMPs to date has led to searches being widened and to other theories gaining attention.

1.4 ALP models and constraints
The axion is a hypothetical fundamental particle first proposed as a solution to the “strong

CP problem": although the mechanism by which CP symmetry is broken in the weak sector may
be applied to the strong sector, no strong CP violation has been found. In 1977, Roberto Peccei
and Helen Quinn suggested a solution to this problem which would add a new, spontaneously
broken universal symmetry [32, 33]. In turn, the broken universal symmetry would imply the
existence of a new particle [34, 35], which was originally hypothesised to be have a very small
mass strictly related to its coupling [36].

The theory has since been extended to include other, “axion-like" particles (ALPs), which
could be more massive, making them more natural contenders for dark matter [37]. Constraints
on the mass and coupling strength of ALPS candidates are shown in Figure 1.8. It should be
noted that the mass range available to PADME, up to O(10−2) GeV, still includes some uncovered
parameter space.

Figure 1.8: ALP parameter space constraints [38]
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(a) “Combined Spin-independent dark-matter nucleon scattering cross section space. Current 90% c.l.
constraints are shaded beige, while the reach of currently operating experiments are shown in green
(LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC). Future experiments are shown in blue
(SuperCDMS, DarkSide-20k, DarkSide-LowMass, SBC, XLZD, ARGO) and yellow (Snowball and
Planned×5). The neutrino fog for a xenon target is shaded light grey" cit. [31].

(b) “Combined Spin-dependent dark-matter nucleon scattering cross section space for scattering with
neutrons or protons. Current 90% c.l. constraints are shaded beige, whereas the reach of currently
operating experiments are shown in green (LZ, XENONnT). Future experiments are shown in blue
(PICO500, XLZD) and yellow (Snowball, PICO-100 ton). The neutrino fog for a water or fluorine
target is shaded light grey" cit. [31]

Figure 1.7: Exclusion limits on spin-dependent and spin-independent searches for WIMPs of
[31]
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1.5 Dark sector models and constraints
While the PADME experiment has sensitivity to certain ALP models, the nominal model

which PADME was designed to investigate is that in which dark matter exists in a “dark sector",
which could contain one or more dark matter particles. This dark sector of particles could then
interact with Standard Model particles by exchanging a mediator particle. This idea is illustrated
schematically in Figure 1.9

Figure 1.9: Schematic representation of dark sector models.

Dark sector models are based only on the minimal assumptions that dark matter exists and
that it interacts with Standard Model particles through the exchange of a mediator particle
which mixes kinetically with the Standard Model photon (Figure 1.10). This allows searches
to be performed for the mediator in a relatively model-independent way, in contrast to many
WIMP searches which rely on increasingly complex models to evade the increasingly constrained
region of parameter space.

Figure 1.10: Kinetic mixing between Standard Model photon and dark photon

PADME was designed to search for a dark photon, known as A′, in associated production
from e+e− annihilation events (Figure 1.11c). This model predicts a new vector portal particle
connecting the realms of the Standard Model and the dark sector, which would couple to Standard
Model fermions through the following Lagrangian:

L = g′qf ψ̄fγ
µψfA

′
µ

where γµ are the Dirac γ matrices, A′ is the effective dark photon current, (ψ̄f )ψf is the
(anti)fermion spinor, g′ is the universal coupling constant of the new interaction and qf are
the charges of the fermions under this new interaction. The effective coupling ϵ of the dark
photon to the fermion in question is given by ϵ = g′qf . In the basic model, qf = 1, meaning
that ϵ = g′. This interaction comes about through the addition of a new U(1) symmetry to the
standard model.

As will be discussed in more detail in Section 1.6, not all Standard Model particles need be
charged under this new symmetry. Indeed, a portal particle could exist which had couplings to
the u and d quarks balanced such that the coupling to the proton vanished. Such a particle

9
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could provide an explanation for the observations of the so-called “X17" particle proposed to
explain the recent anomalies found at the ATOMKI institute in Hungary. This type of particle
is known as “protophobic". More information about the protophobic X17 particle can be found
in Section 1.6.

The kinetic mixing with the Standard Model photon allows the dark photon to be produced
in processes which produce a Standard Model photon, shown in Figure 1.11. Since this thesis is
on the PADME experiment which uses a positron beam on a fixed target, the relevant diagrams
are Figures 1.11b to 1.11d.
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Figure 1.11: Production modes of the dark photon.

If the dark photon produced through kinetic mixing has mass mA′ ≥ 2me, it can decay
into Standard Model particles through kinetic mixing with the Standard Model photon. This
is known as the “visible" decay paradigm and relies on the mass of the dark photon, mA′ being
at least twice the mass of the electron, the lightest Standard Model particle to couple to the
Standard Model photon. If the dark photon mass is lower than this, and if dark sector fermions
exist with less than half of the dark photon mass, then the dark photon will only decay “invisibly"
into these dark sector particles. In the case where both are true, meaning that the dark photon
has mass mA′ ≥ 2me and dark sector fermions in this mass range also exist, the dark photon will
decay both visibly and invisibly, however the invisible decay rate would be much greater than
the visible decay rate. This is summarised in Figure 1.12. Constraints on visible and invisible
decays of the dark photon are shown in Figure 1.13a and Figure 1.13b respectively.
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T. Ferber

Figure 1.12: Kinematically permitted A′ decay processes as a function of mA′

(a) Visible decays

(b) Invisible decays

Figure 1.13: Constraints on visible (top) and invisible (bottom) dark photon decays. The
x-axis shows the mass of the dark photon while the y-axis gives its mixing with the Standard
Model photon, equivalent to its coupling to electrons [39]
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1.6 Protophobic models: ATOMKI anomaly and the X17
In 2016, a collaboration from the ATOMKI institute in Debrecen, Hungary found a 6.8σ

anomaly in the 18.15 MeV transition via internal pair conversion (IPC) of 8Be, which was com-
patible with a new particle of mass mXc

2 = 17.03± 0.11(stat)± 0.20(syst) MeV [40].
After theoretical input from J. Feng et al. later that year [41], the ATOMKI team repeated

the experiment with an improved setup, and reported an anomaly at the same invariant mass in
the 17.6 MeV 8Be decay [42]. Since then the collaboration have repeatedly confirmed the same
anomaly at the same invariant mass in the decays of 4He [43], excited using 3 different beam
energies giving significances of 7.3σ, 6.6σ and 8.9σ respectively, and of 12C at 4 different beam
energies with significances ranging from 3σ to 8σ [44]. Following a suggestion from Zhang and
Miller, the collaboration also found a signal of 4.5σ significance in off-resonance direct proton
capture in the 7Li(p,e+e−)8Be reaction [45]. It is clear, therefore, that the signal observed by
the ATOMKI collaboration is not a statistical fluctuation, and for this reason it has received
significant interest from a wider scientific community, both theoretical and experimental. The
present status, as of March 2023, of both experimental and theoretical studies of this phenomenon
is summarised in [46].

Theoretical explanations of the effect have been proposed which introduce a new protophobic
boson to explain the anomaly [41, 47–49]. In these models, the couplings of the new particle to
up quarks and to down quarks cancel, in such a way as to make the theories consistent with both
the ATOMKI observations and the lack of analogous observations at other experiments such as
NA48/2, which performed a precise measurement of π0 → γe+e− decay [50].

Given that the signature has been observed in IPC, which results in an e+e− pair being
emitted from an excited atomic nucleus, if the anomaly is due to the decay of a new particle, it
must couple to e+e−. Assuming time reversal symmetry, if the particle exists it must be possible
to produce it in e+e− annihilations and search for its decays in e+e− → e+e− events. Given
that PADME was designed to produce e+e− annihilations and has detectors capable of detect-
ing charged lepton final states, the experiment is a good environment to provide independent
confirmation of a particle physics explanation of the anomaly, without the extra complexity and
uncertainties introduced in nuclear physics experiments.

Since the experimental signature in this case would be identical to Standard Model Bhabha
scattering, the work done in studying Bhabha scattering for this thesis was instrumental in
defining the PADME strategy for its Run 3 search for this particle, known as the “X17". As
explained in Chapter 8, the difficulties encountered in the analysis of PADME Run 2 data
focussing on Bhabha scattering led to the improved experimental setup used in Run 3 to search
specifically for the X17.

Chapter 2 gives a detailed overview of Bhabha scattering from a theoretical point of view.
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Chapter 2

Bhabha Scattering in the Standard
Model

In quantum electrodynamics (QED), e+e− scattering, known as Bhabha scattering, is a
process where, at tree-level, a positron and an electron scatter off each other through the exchange
of either a photon or a Z boson. It is important to note in discussing the theoretical expectations
for, and interpretations of, this measurement, that PADME is a fixed target experiment with a
positron beam impinging on a diamond target. The beam energy in the data used in this analysis
was 430 MeV, giving a centre of mass energy

√
s of 21 MeV.

Since the
√
s at PADME is 4000 times lower than the mass of the Z, the scaling of the cross

section with
√
s means that the contribution from Z-exchange is negligible in this context. For

this reason, this discussion assumes that the only contributions to the Bhabha scattering cross
section come from the exchange of a Standard Model photon. This assumption was validated
using CalcHEP, a tool created to perform Feynman diagram calculations [51]. Including only the
diagrams with contributions from the Z boson, a leading order cross section of O(10−7) pb was
obtained, compared with the cross section of the process mediated only by the Standard Model
photon, obtained in the same way, which is of O(1011) pb.

The tree-level diagrams of interest to PADME are the S-channel “annihilation" process seen
in Figure 2.1a and the T-channel “scattering" process shown in Figure 2.1b, and their interference
term, which is negative.
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Figure 2.1: Tree level Feynman diagrams of Bhabha scattering processes at PADME energies

The leading order cross sections for the S-channel (σSCh) and the T-Channel (σTCh) are
given in Equation (2.1) and Equation (2.2) respectively.
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Here, s is the square centre of mass energy, me is the electron mass, α = e2

me
is the fine structure

constant, and θR is the scattering angle, that is the opening angle between the two outgoing
particles in the lab frame.

The total cross section is dominated by the T-Channel process, while the S-channel cross
section is orders of magnitude smaller. To get an estimate of the level of difference between
the cross sections for these processes, CalcHEP was used to perform a tree-level calculation in
both cases. To simulate the data from PADME Run 2 used in this thesis, the calculation was
performed using a positron with incident energy 431.6 MeV and an electron at rest. The results
from this calculation are, for the S-Channel:

σSCh = (1.97± 0.01)× 108 pb

and for the T-Channel:
σTCh = (5.17± 0.01)× 1011 pb

Errors here are statistical.
In the T-channel case, the tree-level scattering diagram exhibits infrared divergence at ex-

tremely low values of momentum-transfer. To obtain the value given above a cut was placed to
give a minimum value of total energy for the final state electron of 1 MeV. Varying this cut it
was seen that the value of the cross section obtained is very sensitive to the value of the cut;
increasing the cut to 2 MeV produces a cross section value of σTCh = (1.65± 0.002)× 1011 pb.
Nevertheless, these numbers act as a useful guide to the expected relative production rates of
the two processes in PADME Run 2.

The total cross section measured in nature also includes the interference term, which is
negative. The cross section σCalcHEP for the whole process including the interference term
calculated using CalcHEP is:

σCalcHEP = (5.14± 0.01)× 1011 pb

Any new massive boson which decays to e+e− will have a negligible contribution at energy
scales significantly different from its mass. This means that the dominant contribution to new
physics coming from decays of this type would have a kinematic profile identical to S-channel
Bhabha scattering which, as can be seen in Figure 2.2, is significantly different from that of the
T-channel.
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Figure 2.2: Theta: angle to beamline of final state particles beam in centre of mass frame for
T-Channel and S-channel Bhabha scattering. The positron is shown in red, the electron in
blue. Plots have been normalised to the total number of events simulated.
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2.1 Comparison of Geant4 physics libraries
In Geant4, Bhabha scattering is implemented alongside all other ionisation processes in the

G4eIonisation class [52]. The value of the cross section of these processes depends on the specific
Geant4 physics lists being used.

Geant4 offers different models in its different physics libraries, which are optimised for dif-
ferent needs. The three compared in this analysis were the Standard Electromagnetic Libraries,
the Livermore Libraries and the Penelope Libraries [53–55].

The Standard Electromagnetic Libraries provide a simple and computationally efficient cal-
culation of the cross sections of electromagnetic processes. The Livermore Libraries are based on
the Livermore physics models [56] and provide a comprehensive set of electromagnetic processes.
The Penelope Libraries are based on the Penelope physics models, which are specifically designed
for low-energy electromagnetic interactions.

The Penelope models have several advantages in simulating low energy processes. They
take into account the atomic shell structure and electronic configuration of the target material
allowing for a more realistic simulation of interactions involving specific atomic shells. The
Geant4 models have been extensively validated against experimental data for a wide range of
low-energy electromagnetic interactions demonstrating a satisfactory agreement at the level of
∼5% [57].

The standard PADME Monte Carlo simulations use the Standard Physics Libraries since the
computational efficiency was considered the most important feature, given that the simulation
needed ≥ 1012 Positrons on Target (PoT).

Geant4 provides tools specifically to test different physics libraries. In the Extended Electro-
magnetic Library, “TestEm0" allows the user to print the value of cross section used by the library
[58]. This value was extracted from each of the three libraries mentioned above, inserting dia-
mond as the scattering target and introducing a minimal energy cut of 1 MeV for the final state
positrons. Using a beam energy of 431.6 MeV, the cross section for Bhabha scattering was found
to be identical in all three libraries. On further investigation it was found that the Penelope and
Livermore Libraries do not calculate the value of the ionisation cross section but take it directly
from the Standard Library. The only significant difference is that the Penelope and Livermore
Libraries include Compton scattering, which is not present in the Standard Library, and in the
Penelope Library the Bremsstrahlung cross section is 25% higher than the Standard Library.
This is probably due to very low energy photons being simulared in the Penelope Library and
not in the Standard Library.

This internal consistency gives no information about the true precision of the cross section
used in these models. As far as has been established by the author at the time of writing, the
calculation of the cross section in the Geant4 libraries is only tree-level. Checking the value given
in Geant4 with that produced in CalcHEP it was found that for the same energy cut the cross
section was compatible. Geant4 only accepts cuts in kinematic energy, not in total energy which
is the case in CalcHEP. Converting a 1 MeV kinematic energy cut in Geant4 to a 1.511 MeV
total energy cut in CalcHEP, the cross-sections obtained in these simulations are, from Geant4:

σGeant4 = 2.47× 1011 pb

and from CalcHEP:
σCalcHEP = (2.54± 0.01)× 1011 pb

which agree to within 2.8%.

2.2 Cross section calculations at next-to-leading-order
Since Bhabha scattering implies the presence of charged particles in both the initial and the

final state, inserting radiative corrections and next-to-leading-order diagrams into the calculation
of the cross section is expected to have an effect on the final cross section of up to several percent.
Moreover, radiation in the initial or final states of the process will change the kinematics of the
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process and is likely to have a significant effect on the experimental acceptance of the PADME
detector. At the time of writing, investigations are ongoing into the use of the BABAYAGA
event generator to give a more precise value of the Bhabha scattering cross section and a sample
of Monte Carlo events with a more accurate kinematic distribution [59].

2.3 Bhabha scattering in the literature
Bhabha scattering has often been used as a measure of luminosity in e+e− collider exper-

iments. Experiments have often measured the number of Bhabha scattering events, using the
theoretical cross section of the process to infer the total number of collisions that had taken place
[60–63], or else performed measurements comparing the rates of wide-angle and small-angle Bh-
abha scattering processes in order to probe the internal structure of the electron [64].

An excellent summary of Bhabha scattering and its experimental measurement, as of 1991,
can be found in [65]. As is also discussed in that review, the review of the literature performed
for this thesis found very few published studies at centre of mass energies < O(1) GeV, and even
fewer which provide a direct measurement of the Bhabha scattering cross section.

The literature review presented in this thesis discusses some important historical measure-
ments of Bhabha scattering, from O(1) MeV energies to O(10) GeV energies.

2.3.1 Low energy measurements
The first measurement discussed here was published in 1953 and was intended to validate

the e+e− scattering cross section formula developed by Bhabha around 20 years earlier [66].
The authors particularly wanted to check that the annihilation term in Bhabha’s formula was
accurate, which would imply that electrons and positrons are Dirac particle and antiparticle. The
study measured the scattering cross section as a function of energy-transfer at three different
incident energy points: 0.6 MeV, 0.8 MeV and 1.0 MeV, where positrons were scattered off a
Mylar foil of 0.9 mg/cm2 and 1.7 mg/cm2 thickness. The article concludes with the plot shown
in Figure 2.3 which shows the differential cross section measured at each point compared to the
theoretical expectation. The authors comment that “the Bhabha formula is verified [...] to an
accuracy of about 10% standard deviation".
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Figure 2.3: “Absolute differential cross section" [sic], at leading order of Bhabha scattering in
range 0.6 to 1.0 MeV as found in [66]. The figure shows the value of the Bhabha scattering
cross section in units of 2πr20, where r0 = e2/mec

2, as a function of the energy of the incident
positron. The line marked as “B" shows the theoretical result expected for fractional
momentum transfer v = 0.5, assuming that positrons and electrons are Dirac particle and
antiparticle, and that the cross section therefore includes e+e− annihilation. The line marked
“B-A" shows the theoretical expectation assuming no annihilation term. It is unclear from the
paper whether this is the total or differential cross section and if it is the differential cross
section, exactly what range of angles it covers.

In the 1980s, interest was renewed in this energy range after positron peaks in nuclear decays
suggested a potential new particle of 1.8 MeV mass decaying to e+e− [67–70]. As discussed in
[71], Bhabha scattering provides an excellent method to search for the existence of a particle of
this nature. This led to a series of new measurements of Bhabha scattering in the range 1-2 GeV
centre of mass energy [72–80]. After years of study, as explained in [81], the solution to the
puzzle was that the nuclei were entering excited rotational states, and it was these states which
were responsible for the peaks in the positron spectra.

2.3.2 Measurements at PADME energy scales
The other measurement which it is important to mention was published in 1959 and used

200 MeV positrons from the high-energy electron beam from the Stanford Mark III linear accel-
erator [82]. As in the experiment mentioned in the previous section, this experiment was also
designed to test the Dirac nature of electrons and positrons.

In this experiment, electrons were accelerated to 350 MeV and fired onto a 1
2X0 Cu target

in which positrons were produced in pair production from Bremsstrahlung photons created in
the interaction between beam particles and the target nuclei. The resulting particles from the
interactions in the target were left to coast along the beamline with no acceleration until they
reached the magnet system at the end of the accelerator. A sketch of the beamline can be seen
in Figure 2.4.
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Figure 2.4: Beamline of SLAC Mark III accelerator used for Bhabha scattering measurement in
[82]. MD and MF are deflecting magnets, while QN and QS are quadrupole magnets. The
copper radiator is the target used for the production of positrons.

After being deflected by the magnet system, the particles left the vacuum of the beampipe
through a 0.008 inch Mylar window placed 10 inches before the target, which was made of
1.99 g/cm2 beryllium. The particle detection system used a cloud chamber placed inside a
5.5 kGauss magnetic field which allowed for the reconstruction of the momentum of tracks which
left the target. The number of electrons leaving the target was then counted, and the beam
luminosity was also measured by counting the total number of positron tracks to enter the cloud
chamber.

The collaboration found that out of (4.56±0.07)×105 positrons on target, 216±21 Bhabha
scattering events were observed, in the range of fractional energy transfer 0.44 ≤ ϵ ≤1.00, which
corresponds to scattering angles θ in the range 83◦ ≤ θ ≤ 180◦. The authors don’t explicitly
convert these numbers into a cross section, however they do provide an expected number of
events from QED at leading order, which they quote as 243±5. This leads to a difference between
experiment and theory of 13%, corresponding to ∼ 1.1σ. The authors ascribe this discrepancy
to radiative corrections which had not been calculated and therefore could not be taken into
account.

The conclusions of the article discussed above suggest that at beam energies of O(100) MeV,
radiative corrections become extremely important in the calculation of the expected rate of
events. This is an important consideration in the context of this thesis since any Monte Carlo
event generator which does not consider radiative corrections may produce significantly different
results from those observed in nature.

2.4 Measurements at higher energies
Measurements of the Bhabha cross section as obtained by the L3 collaboration at LEP are

presented in Table 2.1 [83]. Given that they were taken at more than 3 orders of magnitude
higher centre of mass energy than that available at PADME, they are of little relevance to the
measurement presented in this thesis.
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Table 2.1: Bhabha scattering measurements at LEP [83]. The table presents the number of
selected radiative Bhabha scattering events, Nee, as a function of the range

√
s considered and

the average energy in the range considered ⟨√s⟩. σee gives the measured cross section in the
specifies range, while σBorn

ee gives the Standard Model improved Born level cross sections

( )M. Acciarri et al.rPhysics Letters B 439 1998 183–196190

Table 1
Integrated luminosities recorded at the various centre-of-mass
energies and the number of selected radiative Bhabha scattering
events, N , and quasi-real Compton scattering events, Nee g e

y1' w x w xs GeV HLLd t pb N Nee g e

88y 93 143.9 2546 3882
130 6.4 43 83
136 6.0 44 81
161 10.8 34 108
172 10.1 26 82
183 55.0 163 405

production. Distributions of this ratio are shown in
Fig. 2a and Fig. 2b with further cuts applied as
described below.
For events with a three particle final-state, where

one of the particles escapes along the beam axis, the
two particles detected in the calorimeter should be
back-to-back in the ryf plane. Therefore, the two
detected particles are required to have an acopla-
narity angle of less than 38.
Final state radiation can change the polar angle of

the emitting electron and may cause a wrong recon-
struction of the effective centre-of-mass energy.
Events containing a third electromagnetic cluster with
an energy larger than 2GeV and an angular separa-
tion of more than 88 from any of the two identified
electrons are therefore removed.

X'Events with a reduced energy, srs-0.95, are
used for further analysis. The fraction of radiative
Bhabha scattering events which pass this cut amounts
to 2.0% for the data taken at the Z resonance. This
fraction varies from 18% to 14% for centre-of-mass
energies between 130 GeV and 183 GeV. Fig. 3

X'shows the resulting s -distributions for Bhabha
scattering at the different centre-of-mass energies.
Good agreement between data and the Monte Carlo
prediction is observed. The distributions are com-
bined to determine the total cross sections at reduced
centre-of-mass energies.

3.2. Total cross sections

The data sample was recorded in the years 1991
to 1997 and corresponds to a total integrated lumi-
nosity of 232.2 pby1, including a luminosity of
88.3 pby1 recorded at energies between 130GeV and
183GeV. The luminosities recorded at the various
centre-of-mass energies and the number of selected
events are listed in Table 1. The sample contains in
total 2856 radiative Bhabha events with a recon-

X'structed s value between 35GeV and 175GeV.
They are used to measure cross sections in 11 bins of

X's .
The Born cross section at an effective centre-of-

mass energy is measured by scaling the theoretical
cross section, s Born, with the ratio between theee

Table 2
X X' '² :Number of selected radiative Bhabha scattering events, N , for the various ranges of s and their average s . The correspondingee

measured cross sections, s , and their statistical and systematic errors are listed and compared to the Standard Model improved Born levelee
cross sections, s Born

ee

X X Born' 'w x ² : w x Ž . Ž . w x w xs GeV s GeV N s " stat. " syst. pb s pbee ee ee

-60 52.0 152 449.4" 35.1" 20.2 423.7
60y 68 64.5 153 258.3" 23.5" 12.5 285.1
68y 76 72.5 335 231.5" 13.2" 7.4 238.2
76y 82 79.2 594 235.5" 9.3" 5.5 223.9
82y 85 83.7 575 224.0" 10.6" 5.9 246.0
85y 87 86.1 622 300.0" 12.6" 8.1 297.6
87y 92 88.3 169 483.9" 37.1" 13.2 471.5
92y 105 96.9 36 117.6" 16.9" 8.3 101.4
105y 130 118.4 68 76.1" 7.8" 3.7 63.5
130y 160 148.2 70 34.0" 5.0" 2.3 41.3
160y 175 167.1 82 33.5" 3.6" 2.1 32.5

The luminosity measurement used in the measurements presented in Table 2.1 was based on
measuring the number of Bhabha events at small angles to the beam and using QED to calculate
the number of e+e− interactions that had taken place [84]. This means that the strongest
statement that can be applied to these measurements is that, assuming no new physics at small
scattering angles, the number of events recorded with large scattering angles also agrees with
QED. If there were new physics which affected both the wide-angle and the small-angle scattering
processes at the same rate then it would not have been observed at L3.

A Dark Photon or other new massive boson decaying to e+e− would have a kinematic spec-
trum similar to that of S-channel Bhabha scattering, which has a very flat angular distribution
in the centre of mass, as seen in Figure 2.2b. This means that if a new boson of this nature
exists, the LEP measurements would almost certainly be insensitive to it, meaning that these
measurements are not analagous to the Dark Sector searches performed at PADME.

Other experiments such as CELLO at the PETRA machine and TOPAZ also performed the
same type of measurement, comparing wide-angle scattering to small-angle scattering [85, 86].
Most of these measurements are also made at very high energies compared to those available
at PADME. Apart from the experiment discussed in Section 2.3.2, which in any case did not
convert the number of signals found to a cross section, measurements of the Bhabha scattering
cross section have not been made either at PADME energy scales, or without using small-angle
scattering as a normalisation factor to allow measurement of the wide-angle scattering cross-
section. The measurement presented in this thesis is therefore an important addition to the
literature, presenting a measurement of the total Bhabha scattering cross section at

√
20 MeV

with an independent luminosity monitor.

19



Chapter 3

The PADME Experiment

The PADME detector, shown schematically in Figure 3.1, was designed to search for a dark
photon (A′) created in the associated production process e+e− → γA′, as described in Section 3.2
[87]. For this reason the experimental setup originally consisted of an active diamond Target
where positrons from the beam annihilate (Section 3.2.1) and an Electromagnetic Calorimeter
(ECal) to detect the Standard Model photon in the signal (Section 3.2.2). To reduce background
from Bremsstrahlung photons, the angular distribution of which peaks at small angles to the
beam, the ECal was built with a central hole and a second, faster calorimeter known as the
Small Angle Calorimeter (SAC) was built behind this hole to cover small angles to the beam
(Section 3.2.3).

Beam positrons that lose energy through Bremsstrahlung in the Target are deflected by a
dipole magnetic field (Section 3.2.4) into the charged particle Veto system (Section 3.2.5). The
TIMEPIX pixel detector described in Section 3.2.6 was designed to be used as an online beam-
monitoring system.

For better resolution in searches for visible decays of the X17 particle, in PADME Run 3 the
magnetic field was turned off and a new sub-detector known as the “ETagger" was added to the
PADME setup in order to tag charged particles as they enter the calorimeter (Section 3.2.7).

Figure 3.1: Schematic of PADME detector, showing all subdetectors and an e+e− → γγ or
e+e− → γA′ event in yellow and a Bremsstrahlung event in red. The trajectory of beam
particles which don’t interact in the Target is represented in black.

3.1 Experimental Hall and Beam Setup
The PADME apparatus is installed in the Beam Test Facility (BTF) of the DAΦNE ϕ-factory

at the National Laboratories of Frascati (LNF). Figure 3.2 shows a schematic representation of
the DAΦNE accelerator complex. The BTF can provide beams of either electrons or positrons,
at different energies, numbers of positrons per bunch and bunch lengths, depending on the
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configuration of the LINAC beamline. Primary electrons are produced by a gridded electron
gun, while two different targets for positron conversion are placed in different positions along the
beamline.

Figure 3.2: Layout of DAΦNE accelerator complex. The inset shows the BTF transfer line in
detail. Two different targets can be used to produce positrons: the positron converter or the
BTF secondary copper target. These are highlighted in black. In blue, the pulsed dipole and
the BTF dipoles DHSTB001 and DHSTB002 can be seen.

Two types of positron beam production are possible:

• Primary positron beam production: positrons are created firing 250 MeV electrons with a
2X0 Tungsten-Rhenium positron converter placed near the entrance to the LINAC tunnel,
after the first five accelerating sections. This is the method used to crate e+ beams to inject
in the main ring and has the advantage of causing very little beam-induced background in
the BTF. The positrons are then accelerated up to a maximum of 510 MeV by the rest of
the LINAC.

• Secondary beam production: positrons are created firing 750 MeV electrons onto a 1.7X0

copper target placed at the end of the LINAC tunnel just before the dipole which directs
the beam into the BTF. The secondary positron beam produces more background but has
a maximum energy of ∼550 MeV.

The two different positron-producing targets are shown in black in Figure 3.2, and the parameters
of the different types of beams are summarised in Table 3.1
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Table 3.1: Beam characteristics for different beam types at BTF [88].

Parameter e− primary e+ secondary e+

Maximum beam energy [MeV] 800 510 550
RF frequency [MHz] 2856 2856 2856
Beam pulse length [ns] 1-300 1-300 1-300
RMS energy spread 0.56 < 0.96 0.96
LINAC repetition rate [Hz] 1-50 1-50 1-50
Emittance [mm mrad] 1 ∼ 1 ∼ 1
Divergence [mrad] 1-1.5 1-1.5 1-1.5

Electrons/positrons are deflected along the BTF beamline by a pulsed dipole (highlighted in
blue in inset of Figure 3.2) which sends 49 bunches per second towards the BTF and one to a
hodoscope which is used to measure the beam momentum.

The positron beam is then steered into the BTF hall by the dipole DHSTB001, focused by
a pair of quadrupoles, transported through the wall into BTF, where it is focused by a second
pair of quadrupoles and finally deflected into the PADME experiment by the dipole DHSTB002
(also in blue in inset of Figure 3.2).

To separate the 10−6 bar PADME vacuum from the 10−8 bar linac vacuum, until July 2019 a
250 µm beryllium window was placed after the BTF wall and before the final pair of quadrupoles,
as shown schematically in Figure 3.3. After the initial data-taking run, however, a large amount
of background was observed in the ECal. Using the Monte Carlo simulation of the full beamline
described in [89], it was understood that the most significant source of this background was the
beryllium window. An intervention was therefore made to move the window to immediately
before the PADME Target, however during the repositioning process the window broke and the
run had to be paused.

The broken beryllium window was replaced with a 125 µm thick Mylar window, placed
immediately after the DHSTB001 dipole, as shown in Figure 3.3. This is the configuration for
all data taken after July 2019.

A sketch (not to scale) of the path taken by the beam is shown in Figure 3.3.

Figure 3.3: Not-to-scale sketch of beam path. As shown in the technical drawing in Figure 3.2,
the primary positron converter is much further upstream than indicated in this sketch.
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The beam characteristics required by PADME are:

• < 1% beam momentum spread;

• Beam spot size of order 1 mm;

• Angular divergence of beam ∼ few mrad;

• up to ∼ 20k-30k particles on target (PoT) per bunch;

• Long bunch spills so that the beam flux is < 100 PoT per ns

3.2 The PADME Detector
PADME was designed to search for dark photons (A′) in associated production with a Stand-

ard Model photon in the reaction e+e− → γA′, where positrons from the beam annihilate with
electrons in the fixed Target, producing a signal of a single Standard Model photon in the final
state.

Measuring the energy and momentum of the Standard Model photon gives access to the
missing momentum and therefore the mass of the A′, given by:

M(A′)2 = (Pe+ + Pe− − Pγ)
2

where Pe+,e−,γ is the four-momentum of the incoming positron, incoming electron, and outgoing
photon respectively.

The main components of the PADME detector are:

• Active diamond Target (Section 3.2.1);

• Electromagnetic Calorimeter (ECal) (Section 3.2.2);

• Small Angle electromagnetic Calorimeter (SAC) (Section 3.2.3);

• Dipole magnet (Section 3.2.4);

• Charged particle veto system (Section 3.2.5);

In the following sections a detailed description of each subdetector is given.

3.2.1 Active diamond Target
To reconstruct the momentum of photons in the final state, the position of annihilation must

be known. Moreover, to set limits on the couplings of new particles, and in order to make
Standard Model cross-section measurements such as that presented in Chapter 6 of this thesis,
PADME needed an independent measure of luminosity.

For these reasons, the Target was designed to be able to measure beam position, intensity
and spot size, bunch by bunch. The material chosen to do this needed to be a radiation hard
solid to withstand the beam intensity, and had to have a low atomic number (Z) since the cross
section of Bremsstrahlung (the main source of background at PADME) scales as Z2. For these
reasons, the target is made of diamond.

The 2 cm × 2 cm × 97 µm target crystal was created using chemical vapour deposition
(CVD) by Applied Diamond Inc. in the USA. To measure the x and y position of the beam,
orthogonal graphite strips were created by the INFN Lecce group on opposite sides of the target
using an ArF laser. 19 strips in x and 19 strips in y of 850µm × 1.9 cm were created and bonded
to the front-end readout electronics. The production process of the Target is described in detail
in [90].

The Target is located inside the PADME vacuum pipe and can be moved into or out of
the beam trajectory using a remote controlled step motor. The Target setup with front-end
electronics can be seen in Figure 3.4.
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Figure 3.4: Target setup before being installed into beamline

Specific runs were taken during during the beam commissioning for Run 2 which used the
BTF calorimeter to calibrate the measurement of number of positrons per bunch, known as the
“multiplicity", detected by the Target. The magnet DHSTB002 was turned off to send the beam
onto the BTF calorimeter and the multiplicity was measured. The magnet was then turned back
on, the beam sent into PADME and the response of the target was evaluated. The outcome of
this process in two different sets of data can be seen in Figure 3.5.

It can be seen here that focussing the beam on a single graphite strip of the Target causes
the detector to saturate at high multiplicities. This problem was ameliorated by ensuring the
Target was placed so that the beam hit two different strips, and by using a reconstruction method
which was not based on the most intensely hit strips. More information about the Target and
the multiplicity reconstruction can be found in [90].

Figure 3.5: Charge collected in x view of target as a function of multiplicity measured by BTF
calorimeter, with the beam centred on one x strip (yellow) and with the beam split between
two x strips (green)

The beam position is taken from the charge centroid on the target, as seen in Figure 3.6 for
the x coordinate. The spatial resolution is given as the width of the centroid distribution, and
was measured to be 0.0616±0.0016 mm for the x view.
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Figure 3.6: Charge centroid distribution in x

3.2.2 Electromagnetic calorimeter
The electromagnetic calorimeter (ECal) was designed to detect the Standard Model photon

produced in association with the dark photon (A′), as well as both photons produced in Standard
Model annihilation (e+e− → γγ). It is composed of 616 parallelepiped BGO crystals, measuring
21 × 21 × 230 mm2 and is placed 3.463 m downstream of the PADME target. Each crystal is
glued to a HZC XP1911 photomultiplier tube (PMT).

The decay time of light emission in BGO crystals is relatively slow, with a time constant τ of
τ=300 ns, meaning that signals are ∼ 1 µs in duration, limiting the maximum rate acceptable in
the detector. Studying the Bremsstrahlung distribution it was found that the rate of this process
would overwhelm the ECal, particularly in the region at small angles to the beam, where the
Bremsstrahlung photon spectrum peaks. For this reason the detector was built with a hole in
the centre measuring 105×105 mm2 (5×5 crystals), behind which is the Small Angle Calorimeter
described in Section 3.2.3. The ECal crystals are arranged cylindrically around the central hole,
as seen in Figure 3.7 and Figure 3.8.

Figure 3.7: Schematic diagram of ECal Figure 3.8: ECal with front crystals uncovered.
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The BGO crystals were recovered from the calorimeter of the L3 experiment at LEP. From
L3, the expected energy resolution was (1−2)%√

E(GeV )
. As reported in [91], the energy resolution of

the calorimeter at 490 MeV beam energy is 2.62 ± 0.05 (stat)% and the efficiency of the detector
for cosmic ray muons is ≥ 98% for 99.1% of the channels. The estimated spatial resolution is ∼
3 mm in both x and y.

3.2.3 Small Angle Calorimeter
In order to cope with the very high rate of Bremsstrahlung photons produced at small angles

to the beamline, a second, faster calorimeter was built and placed behind the ECal to cover the
angular range [0,18.9] mrad. This calorimeter is known as the Small Angle Calorimeter (SAC)
and is made of 25 PbF2 crystals of dimension 30× 30× 140 mm3, each coupled to a R13478UV
Hamamatsu photomultiplier tube. Since PbF2 is a Cherenkov radiator, the emission of the light
is instantaneous and has no decay time. For this reason the detector has a signal width of
O(2) ns, making it able to sustain a much higher rate of Bremsstrahlung than the ECal.

The SAC is also able to veto 3-photon annihilation events where two photons are produced
in the forward direction and the third is detected in the ECal – events which would otherwise
appear as single photon events in the ECal, causing background to the Dark Photon signal.

Figure 3.9: Back of SAC during assembly. Figure 3.10: Placement of SAC behind ECal.

The timing and energy resolution requirements for the SAC were better than 200 ps and
better than 10% of beam energy respectively. In prototype tests described in [92], the measured
resolutions were 81 ps and 10% at 550 MeV respectively.

3.2.4 The PADME dipole magnet
The PADME magnetic field serves two main functions:

• First, to prevent any beam positrons which have not interacted in the target from reaching
the SAC, which at 28k positrons per bunch would be overwhelmed;

• Second, to divert positrons which have lost energy through Bremsstrahlung in the Target
into the PVeto/HEPVeto detectors, and allow the rejection of Bremsstrahlung photons,
the main source of background in the single photon analysis.

The requirements for the PADME magnet are listed in Table 3.2, where the constraints on
weight and maximum power consumption are imposed by the maximum load of the BTF crane
(30 tonnes) and by the availability of power supplies at LNF respectively.
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Table 3.2: Main requirements for the PADME dipole magnet [93].

Parameter Value
B field >0.42 T
Length 1 m

Vertical gap 20 cm
Horizontal gap >40 cm

Weight <30 t
Power <100 kW

Characteristics matching the requirements were found in the dipole series MBP-S of the
CERN SPS transfer line. These magnets had length 1 m, width 52 cm, vertical gap 20 cm and
weight 15 tonnes. A spare one was shipped to Frascati where it was refurbished to increase the
vertical gap to 23 cm, and its magnetic field was remapped before installation in the BTF hall.
The technical drawings for the magnet show its geometrical parameters after the widening of the
vertical gap, see Figure 3.11. The magnetic field in Gauss in the good field region (B(Gauss))
was calibrated as a function of current (I), leading to the following relation:

B(Gauss) = 19.44 I + 32.801

Using this information, the current was adjusted to provide a magnetic field which sent
positrons at the beam energy from the centre of the target towards the TimePix3 detector used
as a beam monitor, described in detail in Section 3.2.6. The nominal magnet current for Run 2
was 183.5 A, giving a magnetic field of 3.6 kGauss.
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Figure 3.11: Mechanical drawing of the PADME Dipole

The magnetic field as a function of (x, z) coordinate of the magnet is shown in Figure 3.12.
The centre of the magnet is (x, y, z) = (0, 0, 0).
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Figure 3.12: Magnetic field, B, as a function of z-coordinate and x-coordinate. The centre of
the magnet is at (x, y, z) = (0, 0, 0).

3.2.5 Charged Particle Vetoes
To veto single photons in the ECal coming from Bremsstrahlung which could otherwise be

mistaken for the dark photon signal, a detector was constructed to identify the accompanying
positron which loses energy in the Bremsstrahlung interaction in the target. This detector is
known as the Positron Veto (PVeto) and is made of 90 plastic scintillators placed vertically in
the magnetic field, as seen in Figure 3.13. The bars, produced by UNIPLAST, have dimensions
10× 10× 178 mm and are made of plastic polystyrene-based material with a 1.5% concentration
of POPOP. An optical wavelength-shifting fiber (WLS), Bicron BCF-92, is placed within a
1.3×1.3 mm2 longitudinal groove in each of the scintillating bars and glued with Eljen EJ500
optical epoxy cement. The maximal emission wavelength of the BCF-92 fiber is 492 nm and
the maximal absorption wavelength is approximately 400 nm (matching the POPOP emission
spectrum). Hamamatsu 13360 Silicon photo-multipliers (SiPMs), which are able to work in
vacuum and sustain a magnetic field of about 0.6 T, convert the photons into electrical signals.
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Figure 3.13: Vetoes inside magnetic field. PVeto is on the right, EVeto on the left.

Given the relatively low cost of this type of detector, a similar detector was built on the other
side of the vaccuum chamber in the magnetic field. This second detector, known as the Electron
Veto (EVeto), is able to detect electrons produced in Bhabha scattering processes in the target
as well as potential e+e− final states coming from short-range visible decays of a dark photon.
It consists of 96 bars of plastic scintillator configured analogously to the PVeto bars.

A third set of 16 bars is placed outside of the magnetic field, perpendicular to the beam line
after bending by the magnetic field (see Figure 3.1). This detector, know as the High Energy
Positron Veto (HEPVeto) is designed to detect positrons which have lost little energy through
Bremsstrahlung in the target. Since the Bremsstrahlung spectrum peaks at low photon energies,
most Bremsstrahlung positrons are expected in this detector. Therefore the electronic readout
was doubled, placing one SiPM at each extreme of the bars to cope with the increased rate.

3.2.6 Timepix based Beam Monitor
To study the spatial and temporal structure of the beam, a silicon pixel detector was placed in

line with the beam exit for particles which don’t lose energy in interactions with the target. This
detector, produced by the ADVACAM company, is composed of 12 Timepix-3 detectors, each a
256×256 matrix of pixels, with a pitch of 55 µm., creating a total surface area of 8.4×2.8 cm2.
During data taking runs 1 and 2, the Timepix detector was not integrated into the standard
PADME DAQ. Data from the detector was acquired in stand-alone processes and correlation
with information from other detectors was performed offline, using the timestamp of the frames
collected. The Timepix setup can be seen in Figure 3.14.
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Figure 3.14: Timepix detector setup.

3.2.7 Charged Particle Tagger
As discussed in Section 1.6, in April 2021, A.J. Krasznahorkay and colleagues from the

ATOMKI institute and the University of Debrecen in Hungary published three new data points
to add to the growing body of evidence for a new particle of approximately 17 MeV mass, known
frequently as the “X17" particle, observed in the internal pair creation decays of excited atomic
nuclei [94]. As the work described in Chapter 6 developed, it became clear that the PADME
setup from Runs 1 and 2 was not ideal to study visible decays, such as the processes indicated
by the X17 anomaly. The PADME collaboration was therefore prompted to modify the detector
setup to study visible final states with better precision.

In order to improve the precision of the energy measurement, it was decided to turn off the
magnetic field so that all final state particles were sent towards the calorimeter system. To
distinguish photons from charged particles in this setup, a new Electron Tagger (ETag) detector
was built, made of 18 plastic scintillating bars of 4 cm×60 cm×0.5 cm, shown in Figure 3.15.
This made the visible signal in the new setup a pair of particles in the calorimeter, in time, with
combined energy which summed to the beam energy, which also produced signals in the Electron
Tagger.

Figure 3.15: Schematic of PADME setup for Run 3. The photo on the right hand side shows
the ETag in construction in front of the ECal. The lifetime of the X17 would in reality be ∼ 0,
here it is only shown leaving the target for clarity about the process considered.
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3.3 Trigger and Data Acquisition
The PADME data acquisition system reads data from a total of 897 channels with an acquis-

ition rate of ∼ 50 Hz, dominated by the LINAC operation frequency. All channels are connected
to a set of 29 CAEN V1742 switched capacitor ADC boards based on the DRS4 chip consisting
of a 1024 cell switched capacitor array. The sampling rate is tunable in the range 1-5 GS/s and
the resolution is 12 bits. The Target signal and the relatively slow signal produced by the BGO
crystals are sampled at 1 GS/s, while the faster signals from the charged particle vetoes and the
SAC are sampled at 2.5 GS/s. Dedicated PCI Express boards collect data from all ADC boards
via 8 optical links.

All ADC boards are interfaced with the main PADME Trigger and Timing System (TTS).
The TTS consists of a main trigger board and two trigger distribution units. The trigger board
can receive up to six NIM-type external triggers. During Run 2, three triggers were in use. These
were:

• The beam trigger: an external trigger sent from the BTF before the arrival of a positron
bunch from the LINAC (49 Hz);

• The cosmic trigger: on arrival of a cosmic ray as discussed in detail in [91] (∼ 5-10 Hz);

• The “off-beam" trigger: a “delayed" trigger designed specifically to acquire out-of-bunch
data (∼ 2 Hz)

The total rate of data acquisition at PADME DAQ is > 60 Hz.
The data acquisition process is organised into two stages: level 0 collects data from the ADC

boards while level 1 merges all data into a single event structure and produces the final data
files. All data produced by the PADME DAQ system are written to a local disk buffer directly
connected to the level 1 servers.

3.4 Data Taking at the PADME Experiment
The data used in the analysis for this thesis come from the second data-taking run, known as

Run 2, the parameters of which were decided upon after detailed studies of the different beam
line configurations used during the first run and of detailed Monte Carlo simulations of the whole
beamline, as discussed in [89, 95]. The timeline of data-taking from first switch on to the end of
2020 is shown in Figure 3.16.

Figure 3.16: Data-taking in PADME up to end of Run 2.
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3.4.1 Data-Taking Run 1
After 6 weeks of beam conditioning from September to October 2018, the default conditions

for Run 1 were:

• Secondary e+ beam;

• 545 MeV beam energy;

• ∼ 20× 103 positrons on Target (PoT) per bunch;

• ∼ 250 ns bunch length

Data-taking was paused in December for the Christmas holiday plus 2 weeks maintenance,
before restarting in mid-January 2019 and continuing with these conditions until mid-February.
From the 21st of February until the end of the run on the 1st of March, the primary e+ beam was
used with 490 MeV energy and a shorter bunch length of 150 ns, in order to study contributions
to the background.

The integrated luminosity collected in Run 1 is shown in Figure 3.17, reaching a total of
(6.37± 0.32sys)× 1012 PoT.

Figure 3.17: Integrated luminosity collected over Run 1. The orange points give the cumulative
measure of positrons on Target (PoT) while the yellow band shows the 5% systematic error.

Studying the total energy deposited in the ECal per bunch gives a good estimate of the
level of background at PADME. As can be seen in Figure 3.18, using the primary beam gave a
significant reduction in the total energy in the calorimeter, demonstrating a clear improvement in
the background conditions of the experiment. For this reason, the decision was made to continue
using the primary beam during Run 2.
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Figure 3.18: Total energy per bunch in ECal in Run 1, for each beam line configuration.

3.4.2 Data-taking Run 2
The start of Run 2 was delayed by the national lockdown due to the Covid-19 pandemic.

PADME had the good fortune to be able to restart beam commissioning in the summer of 2020,
however the lockdown still caused a delay of several months to the data-taking, and thus in the
timeline of the analysis for this thesis.

Data-taking for Run 2 started in mid-September that year and continued until winter of 2020,
working in accordance with the regional restrictions in place during the period. This ability
was aided by the possibility of monitoring the data-taking remotely, meaning that international
colleagues were able to cover shifts from their home countries instead of having to travel to
Frascati to complete them. This was made possible by the online monitoring of the detector,
described in Section 3.4.4.

The standard beam conditions for Run 2 were the following:

• Primary e+ beam;

• 431 MeV beam energy

• ∼ 27 ×103 positrons on Target (PoT) per bunch

• 280 ns bunch length

Figure 3.19 shows the total energy per bunch collected in the ECal in Run 2 compared to
the so-called “golden run" of Run 1, which used the primary positron beam at 490 MeV. It can
be seen from this that the background level was significantly reduced by the adjustments to the
beam line made in the long shutdown.
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Figure 3.19: Total energy per bunch collected in ECal in Run 2 (green) compared to Run 1
(blue).

At the end of Run 2, (5.47± 0.27sys)× 1012 PoT were collected. The integrated luminosity
as a function of time can be seen in Figure 3.20.

Figure 3.20: Integrated luminosity collected during Run 2. The green points give the
cumulative measurement of positrons on Target (PoT) while the band shows the 5% systematic
error.

During the Run, a few types of “special runs" were taken. The two important types for this
thesis are:

• The “no-Target run" which saw the Target moved into and out of the beamline at various
points, in order to study the beam-induced background, coming from interactions of beam
particles outside of the Target

• A run taken with the magnetic field reversed to send positrons towards the EVeto side of
the vacuum chamber, used to have enough statistics in the EVeto to be able to perform
equalisation of the electronic gain for individual channels and correct for the time delay
induced by cables.
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3.4.3 Run 3: X17-dedicated data-taking run
In late 2021/early 2022, thanks in part to the work discussed in this thesis, it was understood

that making precision measurements of the e+e− → e+e− cross section with the original PADME
setup was a very challenging task. More detail about these challenges is presented in Chapter 6.
Also in late 2021, the ATOMKI collaboration presented new measurements of 12C decays at the
X17 workshop in Rome [96], later published in November 2022 [97]. On the basis of these two
developments, it was decided that to search specifically for charged particle final states, a new
experimental setup would be needed.

Since it was discovered that measuring the invariant mass of e+e− final states with the Vetoes
was a very difficult task, it was decided to turn off the magnetic field, sending all particles straight
downstream towards the ECal. In order to “tag" charged particles, distinguishing them from
photons, the ETag was built in front of the Calorimeter, as discussed in Section 3.2.7.

Since in this case the hypothesised parameters of the particle were known with good precision,
precision in the measurement was valued over extremely high statistics. For this reason, the beam
intensity was reduced to 2.5 kPoT/bunch to reduce pile-up. Knowing the mass also allowed the
collaboration to change the beam energy: instead of running at the highest energy possible to
cover the maximum achievable mass region, the energy was reduced to have

√
s as close as

possible to the mass of the X17, since, as discussed in [98], producing an X17-like particle at its
resonant energy causes a very significant increase in the production cross-section.

Given that the energy of positrons reaching the PADME target can be controlled to approx-
imately 0.7 MeV at

√
s ∼ 17 MeV, in 2022 an energy scan was performed, taking approximately

1010 Positrons on Target (PoT) per point over 47 different energy points in the region 5σ below
and 4σ above the mean mass of the particle. Figure 3.21 shows the projected sensitivity of a
data-taking campaign using this strategy, for the case that the X17 is a vector particle or an
ALP [98]. The final sensitivity expected from PADME Run 3 has the mass range of the wider
distribution but the spacing between points and the reach in coupling strength of the thinner,
deeper distribution.

Work is currently ongoing to analyse the data taken in this Run.

(a) Sensitivity to vector X17 particle (b) Sensitivity to ALP X17 particle

Figure 3.21: Predicted PADME sensitivity to X17 particle in the case that it’s a vector particle
(a) or an ALP (b)[98]

3.4.4 Online Monitoring System
Monitoring tools have been developed to control the operation of the detector and check its

stability during data-taking. The parameters to be controlled fall into two categories:

• physical variables in the detectors, such as occupancy, energy or time distribution;

• hardware settings and ambient parameters
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The two classes are managed by the DAQ system, mentioned above, and the Detector Control
System. Both generate data files that are displayed via a web-based online monitor.

In Runs 2 and 3, the online monitoring system was of fundamental importance to allow shifts
to be run remotely. The monitor showed instantaneous information about the number of PoT
per bunch, the total energy in the ECal, the occupancy in the Vetoes, the ECal and the SAC
and other important information regarding the quality of the data being taken. An example
of a screenshot from the Online Monitor in Run 30660, used in the analysis in Chapter 6, is
shown in Figure 3.22. As well as information about the individual detectors, the Monitor also
shows information about the data acquisition system and the status of both the BTF magnets
DHSTB001 and DHSTB002 and the PADME magnet. A screenshot of this information from the
same run is seen in Figure 3.23.

Figure 3.22: Screenshot of detector information from online monitoring system from Run 30660.

Figure 3.23: Screenshot of DAQ and magnet information from online monitoring system from
Run 30660.
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Chapter 4

Charged Particle Detector
Reconstruction

One of the most significant sources of background to the associated production of a dark
photon at PADME is Bremsstrahlung events, in which the photon is detected in the ECal and
the positron goes undetected. To resolve this problem, both particles need to be reconstructed.
For this reason a two-part veto system was created, using the SAC to detect the photon and the
PVeto to detect the positron. In order to maximise the efficiency of rejection of Bremsstrahlung
photons in the ECal, an efficient reconstruction of particles entering the PVeto is vital.

This chapter presents the reconstruction process developed to optimise the detection of
charged particle final states at PADME. This was one of the principle objectives of the work
done for this thesis, leading to the physics analysis presented in Chapter 6. This reconstruction
was then implemented into the official reconstruction software for Run 2.

The Veto reconstruction is performed in two steps: first, individual “hits" are reconstructed.
Hits are signals of particles entering one of the 90 individual plastic scintillator bars. These hits
are then grouped into “clusters" which represent the interaction of particles in more than one bar
of the detector. Since the expected rate of particles entering each bar is high, the reconstruction
uses a “multi-hit" approach, where more than one hit can be assigned to each bar for each bunch.

Figure 4.1 shows a photo of the vetoes inside the vaccuum chamber.

Figure 4.1: Vetoes inside magnetic field. PVeto is on the right, EVeto on the left. Underneath
the scintillating bars the front-end electronic readout boards can be seen.
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4.1 Overview of the PADME veto detectors
The Positron Veto (PVeto) is complemented by an analogous detector, known as the Electron

Veto (EVeto), on the opposite side of the magnetic field in the vacuum chamber. The EVeto was
designed with two aims in mind: firstly to allow the detector to be used with either a positron
or an electron beam, and, importantly for this thesis, to allow the study of dilepton final states.
In the original PADME design, both detectors had 96 scintillating bars. Between Runs 1 and 2,
however, it was found that positrons from the beam which lost only a small amount of energy in
interactions in the target ended up creating showers in the most downstream bars of the PVeto.
Many of these shower particles went on to reach the ECal, creating a significant amount of
background, and therefore the last 6 bars of the PVeto were removed. Given that these showers
came from beam particles, the EVeto did not suffer from the same problem and so no EVeto
bars were removed.

Since the two charged particle Veto detectors are made of the same material and have the
same readout system, from the silicon photomultipliers to digitisation of the signal, the recon-
struction for both detectors is functionally identical, adjusted only for the different number of
scintillating bars in the two detectors and for the different calibration constants necessary to
compare reconstructed quantities in each scintillating bar.

It is important to remember, however, that each detector experiences a different rate of
particles entering per event, known as the channel “occupancy". This is due to the fact that
the only process at PADME able to generate electrons is Bhabha scattering, which has a cross-
section orders of magnitude lower than that of Bremsstrahlung, the principle process populating
the PVeto. Moreover, the PVeto receives positrons from the “beam halo" - particles which lose
energy through the beam transport or arrive out of trajectory and are bent more strongly by the
magnetic field.

The respective occupancies for the two Vetoes in the two runs used for the calibration can be
seen in Figure 4.2. The PVeto calibration was carried out using Run 30650 which was taken in
standard conditions: 430 MeV e+ beam with a 280 ns long bunch containing 28k positrons. The
EVeto calibration relied on a specific run taken at the end of Run 2 in which the magnetic field of
the PADME magnet was inverted, sending positrons towards the EVeto side of the experiment.
Since the PADME vacuum chamber is asymmetrical, the angular opening of the chamber on the
PVeto side, shown in Figure 3.1, does not exist on the EVeto side. For this reason, as well as the
fact that the wall of the BTF experimental hall is much closer to the EVeto side, a higher level
of backsplash was expected in this configuration, both from the chamber and from the wall. For
this reason the beam intensity was lowered to approximately 2k positrons on target per bunch
(PoT/bunch) instead of the PADME standard of 28k PoT/bunch.
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(a) PVeto, Run 30650.
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(b) EVeto, Run 30650.
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(c) EVeto, Run 30665.

Figure 4.2: PVeto (left) and EVeto (centre) occupancy in Run 30650, and EVeto occupancy in
Run 30665 (right). Each channel is a scintillating bar and ChannelID = 0 represents the bar
closest to the target, while ChannelID = 90 is the closest to the ECal. The Y axis is the
average number of particles entering the respective channel in a single bunch crossing the
target (an “event"). Note the difference in Y-axis scale.

Since the software tools used to perform this reconstruction were originally developed for the
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PVeto and its 90 channels, only 90 channels were considered in the EVeto reconstruction as well.
As is explained in Section 4.2.5 channels with channel number above 70 were not considered for
physics analysis in either of the detectors due to the increased occupancy in this region, caused
in large part by the beam halo, meaning that the last 6 channels of the EVeto would not have
been used in any case.

The spike seen in Figure 4.2c at channels 76-79 may be due to showers caused by a vacuum
chamber flange around this region, but again, this is beyond the range of “good channels" con-
sidered in physics analyses. The spike is only seen in the inverted magnetic field configuration.
The hole in EVeto channels [52,55] is due to the fact that the front end preamplifier boards inside
the vaccuum chamber stopped working between Run 1 and Run 2. Since it was not possible to
recover them, the front end cards were disconnected and their data was not recorded.

4.2 Hit Reconstruction

At PADME, the Veto detectors are digitised using a CAEN V1742 digitizer, at a rate of
2.5 GS/s. This results in the full analogue waveform of each detector being read out for every
bunch, with the signal amplitude saved as a 12 bit number at every point in the 1024 sample
array. The 12 bits are used to represent a value of voltage in the range 0-1 V, meaning that
each bit corresponds to 0.244 mV. The 0 V amplitude is represented by 4095 counts while 1V
is represented by 0 counts. This produces the analogue signals which are the starting point for
the software reconstruction.

Hit reconstruction is performed directly on these digitised waveforms, aiming to reconstruct
accurately and precisely the following three quantities:

• Hit channel: the channel hit by the particle. One channel represents one scintillating bar
and Channel 0 represents the bar closest to the Target, while Channel 90 is the closest to
the ECal;

• Hit time: the time after the trigger at which the particle arrives in the bar;

• Hit energy: energy deposited by the particle as it passes through the scintillating bar

The hit reconstruction algorithm is structured in five phases:

• In the first phase, signals are screened using a zero-suppression check, to ensure that di-
gitised event windows are not reconstructed if they do not meet a minimum threshold for
containing more than electronic noise from the digitiser. This screening finds the RMS of
the first 1000 samples of the 1024 sample signal array which contains the signal amplitude
in digitiser counts. If the RMS is > 5 counts, the signal is considered non-zero and therefore
of interest.

• Once signals have been selected to be of potential interest, the pedestal of the signal is
calculated. Since the time delay between the arrival of the trigger and the arrival of the
beam is between 200-250 ns, anything that is recorded before this time does not come from
the beam and is therefore only due to the pedestal of the detector. For this reason, the
average is taken of the first 150 samples (60 ns) of the signal.

• The pedestal is then subtracted from the signal and the resulting signal height is converted
from negative digitiser counts to positive mV. In this way the signal is converted from the
un-normalised signal, shown for example in Figure 4.3, to the normalised signal shown in
Figure 4.4. Note that this signal comes from Channel 89 in the PVeto – the channel with
the highest occupancy rate, as seen in the example in Figure 4.2.

• The signal is scaled by a calibration constant defined for each channel to equalise the
electronic gain of the silicon photomultiplier.
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• Finally the signal is processed using the procedure described in Section 4.2.1.
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Figure 4.3: Raw signal from V1742 digitizer
before normalisation.
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Figure 4.4: Normalised signal, which is
processed and passed to TSpectrum.

4.2.1 Signal processing
During hit reconstruction, the digitised signal is passed to the TSpectrum peak-finding

method from the CERN ROOT software framework, which searches for gaussian peaks in a
spectrum passed as a histogram [99].

In order to make the signal shape more Gaussian, and therefore more easily fitted by TSpec-
trum, an approximation to the signal derivative is calculated using the following formula:

Signal Derivative[s] = Signal[s]− Signal[s− 15] (4.1)

where s is the time of the digitised sample under consideration in digitizer counts (∼ 0.4 ns).
15 samples ×0.4 ns per sample is almost equal to the rise time, meaning that this procedure

retains the rising edge of the signal faithfully but gives a faster descent after the peak than in
the raw signal, as can be seen in Figures 4.5 and 4.6. These plots were made using a template
of an average signal shape taken from data.

Figure 4.5: Height of original signal compared
to height of derivative signals taking the
derivative across different numbers of points.

Figure 4.6: Ratio of original signal height to
derivative signal height. Note that the x-axis
range is smaller than in Figure 4.5
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The ideal signal shape after processing would be a Gaussian with amplitude equal to the amp-
litude of the original signal and a low standard deviation. It can be seen that these requirements
are best satisfied by the red curve, which is calculated using Equation (4.1).

Figure 4.7 shows the derivative of the signal from Figure 4.4. Points in which the amplitude
is less than 0 have been set to 0 to facilitate the TSpectrum fit. The signals after the derivative
processing are narrower and more Gaussian. This treatment therefore improves the separation
between hits and reduces the effect of noise on the peak height, which is then used as a measure
of the hit energy.
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Figure 4.7: Derivative signal, as passed subsequently to the TSpectrum peak search.

4.2.2 TSpectrum hit finding
Once signals have been processed to have a more Gaussian shape, they are passed to TSpec-

trum which looks for peaks in the signal window. The method takes as input:

• The maximum number of peaks to search for in the signal (npeaks);

• The expected standard deviation of peaks (fPeakSearchWidth);

• The minimum amplitude allowed for a peak to be considered (peak_thr)

The amplitude threshold peak_thr is passed to TSpectrum as a fraction of the maximum
amplitude of a signal. Therefore, in order to keep the noise threshold constant, peak_thr
is recalculated for each channel for each event to remove any potential peaks with an amp-
litude of less than 8 digitizer counts in the raw signal, equivalent to approximately 1.95 mV, or
0.37 MeV released in the scintillating bar. The other parameters are set to npeaks = 20 and
fPeakSearchWidth = 5 ns respectively.

TSpectrum searches for peaks in order of amplitude and performs a Gaussian fit on them.
It returns the number of peaks, their amplitude and their position within the digitised window.
The position is then transformed from units of sample number within the 1024 sample acquisition
window to nanoseconds, and the amplitude is converted from units of derivative digitiser counts
to mV, multiplying by 0.046 mV per derivative digitiser count.

The process of gain-equalisation and the finding of the calibration constants to convert from
derivative digitiser counts to mV is described in section Section 4.2.3.

Figure 4.8 shows the peaks found by TSpectrum in the sample signal shown above.
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Figure 4.8: Derivative signal with markers on peaks found by TSpectrum.

4.2.3 Gain Equalisation
At energies relevant to PADME, electrons and positrons in the Veto plastic scintillator bars

act as minimum ionising particles. The average energy released in each bar is a function only of
the average distance traversed in that bar by the particle.

Since the bars are thin compared to the distance to the target, it is a reasonable assumption
that on average particles will traverse the same distance in each bar, meaning that the energy
released will on average be the same.

Given that the TSpectrum reconstruction includes an amplitude threshold below which signals
are not considered, it is important that any difference in the gain of the SiPMs is compensated
for offline by finding calibration constants which bring the amplitude spectra of each channel
into alignment.

To equalise the gain of the Veto channels, histograms were created containing the amplitude
of the derivative of signals in single-hit events, and the peak of these amplitudes was fitted
using a Gaussian approximation to give the average amplitude for hits in each channel before
equalisation.

This technique was more challenging in approximately the first 20 channels, which have a very
low multiplicity due to kinematic and acceptance constraints. In addition, the final 10 channels
have such a high multiplicity that it was difficult to find events with only one hit. This does not
pose a significant limitation however, since only channels within the range 31-70 were considered
in the Bhabha scattering analysis, and kinematic and geometrical factors limit the trajectories
of Bremsstrahlung positrons such that they arrive after channel 20.

For the EVeto, the data used for this process came from Run 665 in which the field of the
PADME magnet was reversed, sending positrons into the EVeto and allowing for a sufficient rate
of particles in each channel to perform the analysis.

The use of the derivative amplitude was validated by studying the ratio of the peak amplitude
of the signal derivative, as found by TSpectrum, to the amplitude of the raw signal at the point
where the TSpectrum finds the peak on the derivative. This point is on the rising edge of the
raw signal as shown in Figure 4.5 and is therefore less sensitive to noise than the peak of the
raw signal. Figure 4.9 shows that, to within 5%, the ratio of the rising-edge amplitude to the
TSpectrum amplitude is constant, giving confidence in the use of the TSpectrum amplitude as
a measure of energy.
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Figure 4.9: Ratio of height of signal rising edge to peak amplitude found by TSpectrum.

Figure 4.10 shows the mean of the Gaussian fit of amplitudes, taken from signals which
contain exactly one hit. The average amplitude across channels is 33 derivative counts, which is
biased low by channels below 20 and above 80. Therefore equalisation constants were found to
bring the average amplitude of each channel to 35 derivative counts, as shown by the red line. It
can be seen that PVeto channels 58 and 60 have particularly low gain, worsening the signal/noise
ratio in these channels. The detached EVeto channels (channels 52-55) have been omitted.

Figure 4.11 shows the distribution of TSpectrum amplitudes of one-hit events from all chan-
nels combined, with a Landau fit. The shoulder at low amplitudes in the EVeto is probably
due to the closed shape of the vacuum chamber and its position close to the wall of the BTF,
producing more back-splash which results in showers of photons entering the vetoes. This was
foreseen before the run with the inverted magnetic field, and it is for this reason that the intensity
for this run was lower than average.

43



4th September 2023 Bhabha scattering cross section at PADME

0 10 20 30 40 50 60 70 80
PVeto ChID

20

25

30

35

40

45

50

D
er

iv
at

iv
e 

di
gi

tiz
er

 c
ou

nt
s

(a) PVeto

0 10 20 30 40 50 60 70 80
EVeto ChID

20

25

30

35

40

45

50

D
er

iv
at

iv
e 

di
gi

tiz
er

 c
ou

nt
s
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Figure 4.10: Average TSpectrum amplitude for one-hit events for each channel in the PVeto
(left) and EVeto (right), before gain equalisation. The red line shows amplitude = 35 derivative
counts.
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Figure 4.11: TSpectrum amplitude of one hit events in the PVeto (left) and in the EVeto
(right), before gain equalisation. Resolution here is defined as σ

MPV .

Once the calibration constant was found for each channel, it was applied to the raw digitised
signal before the derivative was taken and passed to TSpectrum. Figure 4.12 shows the average
amplitude per channel after channel equalisation, and Figure 4.13 shows amplitudes for all one-hit
events after equalisation. The improvement in the reconstruction is measured by the resolution,
as given by the ratio σ

MPV of standard deviation to the most probable value of the Landau fit.
In the PVeto, the resolution improves from 17% to 15%, while in the EVeto the improvement is
from 17% to 13%.
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Figure 4.12: Average TSpectrum amplitude for one-hit events for each channel in the PVeto
(left) and EVeto (right), after gain equalisation. The red line shows amplitude = 35 derivative
counts.
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Figure 4.13: TSpectrum amplitude of one hit events in the PVeto (left) and in the EVeto
(right), after gain equalisation. Resolution here is defined as σ

MPV .

4.2.4 Tail correction
In addition to the gain equalisation, the long decay time τ ∼ 20 ns of the signal shape poses

a potential problem to the energy reconstruction of hits in the vetoes, as the amplitude of hits
which arrive on the tail of previous signals would be changed artificially, as shown in Figure 4.14.
Moreover, as can be seen here, the tail eventually drops below zero, meaning that even signals
which arrive a long time after a previous signal will still have their amplitude altered.
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Figure 4.14: Example signal where the amplitude of one hit is changed by the fact that it
arrives before the previous exponential has dropped to 0.

While the use of the derivative makes the decay time of the signal fitted by TSpectrum
shorter, the problem of the negative tail persists in the derivative, as can be seen in Figure 4.5.
For this reason, the fractional height of the derivative of signals was studied as a function of the
time after the arrival of a previous hit. Thus for each hit after the first in time, the amplitude
found by TSpectrum was adjusted using the following equation:

Vi = Ai − Vi−1 × f(ti − ti−1)

where Vi is the adjusted amplitude of hit i, Ai is the un-adjusted amplitude as found by TSpec-
trum, Vi−1 is the adjusted amplitude of the previous hit and f(ti − ti−1) is the fractional height
of the i − 1th signal at the time of arrival of the ith hit. Figure 4.15 shows the amplitude of
hits in the PVeto before and after this correction, while Figure 4.16 shows the amplitudes in the
EVeto.
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(a) No tail correction
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(b) With tail correction

Figure 4.15: Amplitude of all PVeto hits without (left) and with (right) tail correction.
Resolution is defined as σ

MPV .
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(a) No tail correction

Constant  8.1e+04± 5.5e+06 

MPV       0.16± 32.83 

Sigma     0.162± 4.545 

Resolution  13.844845%

0 10 20 30 40 50 60 70 80 90 100
Derivative digitizer counts

0

500

1000

1500

2000

2500

3000

3500

4000

310×

F
re

qu
en

cy
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Figure 4.16: Amplitude of all EVeto hits without (left) and with (right) tail correction.
Resolution is defined as σ

MPV .

It can be seen here that the resolution improves in the PVeto, while for the EVeto the peak
in Figure 4.16b is more symmetrical than in Figure 4.16a. In the EVeto the resolution remains
relatively unchanged. This is due to the fact that the tail correction improves the amplitude
reconstruction for hits after the first in events which contain more than one. Since channels in
the EVeto typically receive fewer than one hit per event on average, there are few hits for which
the tail correction was applied.

4.2.5 Time synchronisation
The time of arrival of a signal at the PADME digitisers is due to two main factors: the time

of flight of the particles and the delay caused by cables and front end electronics. The time of
flight depends on the trajectory the particle takes between the Target and the detector and can
be computed using the Monte Carlo simulation, so that Data-MC difference shows only the delay
due to cables and electronics.

The SiPMs of the Veto channels are connected to the digitiser using two different lengths
of cables for each detector: in the PVeto, the 48 channels closest to the target used 2.5 m long
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cables, while the others used 2 m cables. In the EVeto the cables were 2 m and 1.5 m in length
respectively. The EVeto cables are shorter than the PVeto cables since the feed-through vacuum
flange is downstream on the EVeto side.

To get an empirical estimate of the delay caused by the combination of cables and other
detector effects, the time difference between positrons arriving in the Vetoes and photons arriving
in the SAC was studied in both data and Monte Carlo. This method was used since the principle
physical process in both detectors is Bremsstrahlung, causing a strong correlation in time between
them.

It was therefore assumed that any difference between the time reconstructed in the data and
that expected from the Monte Carlo was due only to cables and other hardware effects, or due
to the data reconstruction. For example, using the time of the derivative peak as the time of
the hit instead of the time at which the signal starts to rise, or the time of the peak of the raw
signal, will yield a value of time which differs by a constant.

The Monte Carlo sample used for this calibration simulated the whole beam line from the
Mylar window separating the BTF vacuum from the PADME vacuum (see Section 3.1). More
information about the beam line simulation can be found in [89].

Symmetry between the PVeto and the EVeto was assumed, meaning that the time of flight
for Bremsstrahlung positrons was the same in both detectors, allowing the standard Monte Carlo
sample to be used to calibrate the EVeto.

Figure 4.17 shows the average time difference between clusters in the Vetoes and clusters
in the central channel of the SAC, channel 22. The Veto clusterisation process is described in
Section 4.3 while detail of the SAC reconstruction and clusterisation is given in Section 4.4.
Figure 4.18 shows the mean difference per channel for the “good channels", channels 20 to 70,
with two linear fits to the two different distributions. This definition of “good channels" was
used because above channel 70 the occupancy becomes too high for the Veto reconstruction to
be reliable, and because it is kinematically impossible for Bremsstrahlung positrons to enter
the detector acceptance with such little energy as to be deflected into channels before channel
20. This kinematic constraint results in an extremely limited number of clusters in the first
20 channels in the Monte Carlo, leading to the extremely large error bars seen in Figures 4.17
and 4.20, where the error bars are given by the sigmas on the fit of the difference in time between
the Veto and the SAC.
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Figure 4.17: Mean time difference between Veto clusters and SAC clusters before time
equalisation, for all Veto channels. The black stars are the mean values of
∆T (PV etoCh− SAC22) for each channel in data, the red squares are Monte Carlo (MC) and
blue dots are the difference between data and MC.

20 30 40 50 60 70
PVeto Channel

10−

0

10

20

30

40

50

60

T
(P

V
et

oC
h 

- 
S

A
C

22
)

∆
M

ea
n 

MC: Int.  0.02838±11.51 − 

MC: Grad  0.000598± 0.035 

MC: Int.  0.02838±11.51 − 

MC: Grad  0.000598± 0.035 

High      0.0984± 39.83 High      0.0984± 39.83 Data Reconstruction

MC Reconstruction

  MC−Data  MC: Int.  0.02838±11.51 − 

MC: Grad  0.000598± 0.035 

High      0.0984± 39.83 Low       0.08417± 42.65 

(a) PVeto

20 30 40 50 60 70
EVeto Channel

10−

0

10

20

30

40

50

60

T
(E

V
et

oC
h 

- 
S

A
C

22
)

∆
M

ea
n 

High      0.09913± 37.51 High      0.09913± 37.51 Data Reconstruction

MC Reconstruction

  MC−Data  

High      0.09913± 37.51 Low       0.07799± 40.18 

(b) EVeto

Figure 4.18: Mean time difference between Veto clusters and SAC clusters before time
equalisation, for “good" Veto channels (from channel 20 to channel 70). The black stars are the
mean values of ∆T (PV etoCh− SAC22) for each channel in data, the red squares are Monte
Carlo (MC) and blue dots are the difference between data and MC. The two blue distributions
are fitted separately with a constant, shown as “Low" for the channels between 20-47 and
“High" for the channels from 50-70. The red distribution has been fitted as a single straight line
with y-intercept “MC. Int" and gradient “MC. Grad".

The two distinct distributions, coming from the two different cable lengths used in each Veto,
can be seen more clearly in Figure 4.19, which shows ∆TData−∆TMC , where ∆T is the difference
in time between Veto clusters and SAC clusters. Since the cables are flat multiwire cables, the
length of the cable for each group of cables is exactly identical. This means that difference in
the value of ∆TData − ∆TMC found from channel to channel within the same group is due to
uncertainties in the method. Therefore, the two regions in each detector, marked as “Low" and
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“High" respectively in Figure 4.18, were fitted with a single constant each, and the value from
this fit was assigned as the constant time difference due to the cable.
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Figure 4.19: Histogram of the difference between the mean time difference between Veto
clusters and SAC clusters in data and Monte Carlo, before time equalisation, for all PVeto
Channels.

As can be seen in Figures 4.20 and 4.21, once the time equalisation constants have been
applied, the data and the Monte Carlo agree well. The fact that the correction works so well
in the EVeto gives confidence in the idea that beam is well centred on the target and has a
very low angle to the z-axis – if this were not the case the gradient of the time of flight as
a function of channel number would be different between the PVeto and the EVeto and the
resulting subtraction would not give a flat line for the EVeto.

Figure 4.21 also shows that the correction in the PVeto leads to two distributions which are
each relatively linear but are not perfectly centred on 0. However, noticing that the errors on
the points here represent the sigmas of the fit on each channel, it can be seen that all of the
points are compatible with 0. This shows that the difference between the “Low" and “High"
distributions and 0 is negligible compared to the resolution of the reconstruction.

Figure 4.22 shows that once the cable lengths have been corrected for, correcting for the time
of flight of Bremsstrahlung positrons as shown in Figure 4.21 gives a resolution of ∼0.5 ns.
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Figure 4.20: Mean time difference between Veto clusters and SAC clusters after time
equalisation, for all Veto channels. The black stars are the mean values of
∆T (PV etoCh− SAC22) for each channel in data, the red squares are Monte Carlo (MC) and
blue dots are the difference between data and MC.
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Figure 4.21: Mean time difference between Veto clusters and SAC clusters after time
equalisation, for “good" Veto channels (from channel 20 to channel 70). The black stars are the
mean values of ∆T (PV etoCh− SAC22) for each channel in data, the red squares are Monte
Carlo (MC) and blue dots are the difference between data and MC.
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Figure 4.22: ∆T (PV eto− SAC) for good channels, after correcting for cable lengths and
Bremsstrahlung time of flight.

4.2.6 Validating the calibration
The performance of the time and energy calibration mechanisms was evaluated by applying

the calibration constants which had been found from Run 30650 to the data from Run 30540.
These two runs, taken approximately one month apart, are considered “good for physics", since
both have approximately 27k positrons on target per bunch and stable data taking conditions.
As can be seen in Figure 4.23, the corrections derived from Run 30650 also improve the amplitude
resolution in Run 30540.

Unfortunately, since only one run has been taken with the magnetic field reversed, such a
cross check could not be done for the EVeto, however the stability of the PVeto reconstruction
provided confidence in the EVeto reconstruction as well.
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Figure 4.23: Amplitude of all PVeto hits without a and with (b) tail correction.

4.3 Cluster Reconstruction
Due to the geometry and kinematics of the experiment, some particles will pass through

multiple channels in the Vetoes before exiting the detector, as shown in Figure 4.24. This causes
hits to be created in multiple neighbouring channels, which need to be clustered together to give
a good reconstruction of the original particles.
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Figure 4.24: Example of trajectory causing hits in more than one channel.

After hit reconstruction, hits are sorted first by channel number and then by increasing time.
For the clusterisation, all hits are placed into a single structure and sorted only by time. The
first hit to be considered creates a “cluster" by itself. The second hit is then compared to the first
cluster. If they are in nearest-neighbouring channels and within 2 ns of each other, the second
hit is clustered with the first, with time given by the average of the two times and energy by
the sum of the individual energies. The geometrical limits of the cluster are also saved as the
“MostUpstreamChannel" and the “MostDownstreamChannel".

If the second hit does not satisfy the requirements to be clustered with the first, a new cluster
is created containing just this hit. The algorithm continues like this, clusterising new hits with
old clusters if they are within 2 ns of the cluster time and either immediately upstream of the
“MostUpstreamChannel" or immediately downstream of the “MostDownstreamChannel", until
all hits have been considered.

Since the time resolution of the detector is larger than the time taken for particles to go from
one channel to the next, hits which are adjacent in time are not necessarily in adjacent channels.
This leads to potential splitting of clusters, as can be seen in Figure 4.25a. For this reason, after
the initial clusterisation stage, an analogous process is undertaken to merge clusters which have
been split artificially, resulting in the unified cluster seen in Figure 4.25b.

(a) Individual clusters before merge. (b) Single cluster after merge.

Figure 4.25: Cluster merging process. The numbers represent the order of detected arrival time
of individual hits.

4.4 Bremsstrahlung reconstruction
Since the main purpose of the Veto detectors is to veto positrons coming from Bremsstrahlung,

the performance of the offline software reconstruction was evaluated by studying Bremsstrahlung
events detected in the Vetoes and in the SAC.

The SAC reconstruction, like that of the Vetoes, relies on TSpectrum to identify peaks in the
digitised signal. Unlike in the Vetoes, however, the energy of photons in the SAC is determined
by integrating the height of the signal within 2 ns before and 2 ns after any peak is found. More
information about the characterisation of the SAC can be found in [92], and its performance is
discussed in the PADME commissioning paper [95]. Once hits are found in the SAC they undergo
a clusterisation process where the energies of participating hits in nearest-neighbour crystals are
summed to give the energy of the cluster, and time is given by the energy-weighted mean of the
times of hits.

Once the time detected in the Vetoes was converted into a time comparable with that of
other detectors according to the process described in Section 4.2.5, it was possible to search for
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Bremsstrahlung events using the SAC and the Vetoes.
Since the Monte Carlo simulation retains the truth-level information about each vertex

through all the reconstruction and analysis processes, it was possible to determine which Veto
channels ended up being hit by positrons coming from Bremsstrahlung vertices, thereby creat-
ing a relation between positron energy and eventual Veto channel. Fitting the 2D histogram of
impact channel vs Bremsstrahlung positron energy it was found that the energy, E, is a function
of channel, Ch, such that:

E = 24.66 + 1.09117× Ch+ 0.03794× Ch2

This function is overlaid on the 2D histogram in Figure 4.26.
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Figure 4.26: Impact channel of Bremsstrahlung positrons as a function of positron energy,
fitted with second-order polynomial ax2 + bx+ c.

Using the function shown in Figure 4.26a to reconstruct the energy of positrons which are
in time within 1 ns with a cluster in the SAC, the energy resolution of the sum of the energies
of the positron and the photon is ∼ 9%, as seen in Figure 4.27a. The fact that the mean of
the distribution is higher than the beam energy is probably due to pileup in the SAC. Since
the energy of a SAC cluster is the integral of all pulse heights within ± 2 ns of the peak time,
if several particles enter in this time, the pulse height will be artificially increased, causing an
increase in reconstructed energy. This hypothesis is supported by the fact that in Run 30660,
which was taken at 4.6×103 positrons on Target per bunch, the average sum of the energies is
reduced from 453 MeV to 443 MeV, as seen in Figure 4.27b. If the difference were due to pile-up
in the Vetoes, the energy should be reduced in high pile-up conditions. This due to the fact
that the clusterisation algorithm assigns the most upstream channel to the cluster, which would
correspond to a lower energy, as seen in Figure 4.26a.
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Figure 4.27: Sum of energies of clusters in the SAC and positrons in PVeto, given by the
function seen in Figure 4.26a, for clusters which are in time within 1 ns between SAC and
PVeto in Run 30650 (left), taken at 28k PoT/bunch, and in Run 30660 (right), taken at 5k
PoT/bunch.
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Chapter 5

Neural network based veto
reconstruction

In 2020, a neural network-based method of reconstruction was studied on the basis of Run
1 and Run 2 data, to determine whether such a method could lead to improved reconstruction
efficiency. At the time of development, there was no way to include this type of algorithm in
the software framework of PADME, and therefore work on the method was paused in favour of
the “standard" software based approach discussed in Chapter 4. Since this time, however, the
PADME group based in Sofia, Bulgaria have won a European Research Council grant to study
the use of machine learning and neural network tools in the reconstruction at PADME. As part of
this work they are studying the interface between the standard C++-based PADME framework
and the infrastructure used in the neural network tools. This opens the way to the possibility
of incorporating the work described in this chapter in future versions of the PADME software
framework.

The scope of the studies described in this chapter is limited to improving the counting of
hits in the Vetoes, particularly in situations of high pile-up. The work described here started
before the end of Run 2 and therefore before the specific beam conditions of 2020 data had been
studied. Figure 5.1 shows the distribution of the number of clusters entering the PVeto in data
from Run 1 (2019). It is important to note that since this time, both the hit reconstruction and
the clusterisation algorithms have been updated, and that, as described in Chapter 3, the beam
conditions were significantly improved in Run 2, leading to much lower-background conditions in
the data studied in this thesis. It is clear to see from Figure 5.1, however, that the reconstruction
in 2019 was not able to cope with the high rate of particles entering the Veto, and that the
reconstruction was systematically underestimating the number of particles arriving. These were
the conditions of the reconstruction when this work was started and what this work was intended
to improve. The significant difference in the expected occupancy of different channels of the
vetoes means that it was very important to ensure that this reconstruction method was able to
reconstruct events with few hits per event as well as events with more hits, with good efficiency
in both cases. Efforts to this effect are discussed in Section 5.8 and Section 5.9.

Since data-taking was still underway while the neural-network studies were being performed
and at the time of writing no interface exists between neural-network tools and the standard
PADME software framework, the shape of pulses in many of the simulated data samples used to
train the network was not optimised to reflect the real data in the first samples studied. Given
that at the time the studies were done the neural network tools could not be used with the
standard PADME software framework, not all studies were repeated with data-based signals.
Nevertheless, the work done in this chapter can be understood as “proof of concept", that a
well-trained neural network can have a higher efficiency in reconstructing hits in the PADME
veto detectors than the pure C++-based TSpectrum method.

Section Section 5.1 describes the simulation of “toy" Monte Carlo signals created using two
different analytical functions as a first estimate to replicate the pulses found from data. After
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Figure 5.1: Number of clusters detected in each Veto channel in Run 1 (black points),
compared with the number expected from the Monte Carlo without the diamond target, but
with the PCB target support (red line), and without both the target and its support (black
line), and with the analytical expectation from Bremsstrahlung positrons [90]. Plot created
using the reconstruction as of 2019.

the end of Run 2, pulse shapes taken from real data could be used as a template to train a neural
network, as discussed in Section 5.2. Section 5.3 describes the concept of using a convolutional
neural network (CNN) to reconstruct the number of hits in an event, and Section 5.4 shows the
results of a CNN trained on a sample of standard signals.

To test the hypothesis that the neural network learned to recognise the rise-time of the pulse,
pulses were produced with different rise times and neural networks were trained and tested
on these samples. Section 5.5 discusses the results from signals with a 5 ns rise time, while
Section 5.6 presents studies of 10 ns rise time signals. In Section 5.7, studies are discussed in
which the amplitude of pulses was fixed, in order to study the effect of variable amplitudes on
the neural network reconstruction.

Since it was hypothesised that a network trained on a more challenging but related problem
would be more efficient at reconstructing an easier problem, a network was trained on a sample
of events which had 5 hits per event, instead of the standard 3 hits per event. Results from this
study can be seen in Section 5.8. The effect on reconstruction efficiency of the distribution of
number of hits per event is studied further in Section 5.9, where a model is trained on a sample of
uniformly distributed hits per event and used to reconstruct the standard 3 hit per event sample
and the 5 hit per event sample.

In Section 5.10 results are shown from tests using pulses with an exponential rise shape,
intended to simulate more faithfully real pulses than the standard pulses which have a linear
rise.

Section 5.11 discusses the possibility of finding a neural network architecture which is able to
reconstruct all channels of the Veto efficiently event if they haven’t been equalised to the same
average ampltiude. Finally, Section 5.12 shows results from a network trained and tested on
simulated signals coming from a real pulse shape from data.
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5.1 Signal simulation: Toy MC signals
It is important to train the network on a data sample which reflects the reality of the problem.

Signals were simulated in two ways: first using a toy Monte Carlo signal generator (Section 5.1),
with two different pulse shapes: using a linearly rising slope, and using an exponential. These
tests were used as proof of principle while Run 2 was still ongoing. After the end of Run 2,
signals were simulated using the average shape of pulses from real Run 2 data from PVeto and
HEPVeto channels (Section 5.2).

In order to test the behaviour of the reconstruction methods under different simulated condi-
tions, a number of different types of simulations were produced. This was particularly important
in understanding which parameters were recognised by the neural network and therefore under
which conditions this form of reconstruction is likely to be most accurate.
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(a) Real data signal from PVeto channel 67, from
Run 30205.
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(b) Simulated signal using linear rise
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(c) Simulated signal using exponential rise time

Toy Monte Carlo signals were simulated according to the following method. The number of
hits per bunch was generated randomly according to a Poisson distribution with mean λ = 3, and
each hit was assigned a randomly generated amplitude which followed a Landau distribution with
MPV = 50 mV and σ = 12 mV, to which was added noise generated randomly in the interval
U[-1.5,1.5] mV. To simulate the 200 ns bunch length inside the 400 ns digitiser window, the arrival
time of each hit was simulated with a uniform distribution inside the window U[80,280] ns. Hits
were then ordered in time before the generation of the waveform. All random variables were
calculated using the CERN ROOT TRandom3 package [99] using the system time in UTC as a
seed.

The standard pulse shape of the signal used a linear 7 ns rise time followed by an exponential
decay with τ = 20 ns (Figure 5.2b) to simulate the detector response.

The height of the pulse was then calculated at each sample of the 1024-sample digitizing
window, and the height in digitizer counts at each sample was recorded in a both a ROOT
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TTree and a .txt file. The the .txt file was passed to the convolutional neural network (CNN)
described in Section 5.3, while the ROOT file was used both for the TSpectrum reconstruction
as in Section 4.2 and to use as the "truth" level data against which the reconstructed data was
compared.
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Variations on the standard sample included:

• Reducing the rise time of the signals to 5 ns (Section 5.5)

• Increasing the rise time of the signals to 10 ns (Section 5.6)

• Fixing the amplitude of created signals to 50 mV (Section 5.7)

• Increasing the mean number of hits per event to 5 (Section 5.8)

• Using a sample of events with a uniformly distributed number of hits between 0 and 13
(Section 5.9)

• Using an exponential rise time as well as an exponential fall time (Figure 5.2c), so that the
waveform was given by

V (t) = −1× exp

(
− t

τRise

)
+ exp

(
− t

τFall

)
where V (t) is the height of the signal at time t, τRise is the 7 ns rise time and τFall is the
20 ns decay constant (Section 5.10)

• Using a different, randomly generated constant ∼ U [0.7, 1.3] for each of the 90 channels
of the PVeto and randomly assigning one of these 90 channels to each event. This was
intended to reflect the fact that the respective gains of each of the channels had not yet
been equalised. (Section 5.11)

5.2 Signal simulation: Data-averaged signals
After the end of Run 2, the studies described here were repeated on signals generated from the

average shapes of pulses in the PVeto. In order to create a template of an average pulse, a simple
algorithm was designed to search for peaks. Using the data from Run 30552, the derivative of
the signal at a given sample was approximated by taking the signal height at the next sample of
the data window and subtracting the height at the previous sample:

SignalDerivative[s] = SignalHeight[s+ 1]− SignalHeight[s− 1]

The RMS of the derivative of the pedestal was calculated on the negative pulses from the first
50 samples of the acquisition window, and a peak was then found in a region where the average
of 20 consecutive samples was less than −0.5×RMS. The “t0" of the peak is the point at which
the derivative is the lowest in the 30 consecutive samples following the first sample in which the
previous condition is met.

If only one peak was found in the event, the baseline was set to 0 by subtracting the RMS from
the signal, the signal was normalised by dividing by the maximum amplitude and the window
between sample[t0-30] and sample[t0+299] was saved. Once all of the single-hit events in the
run were found and saved for each channel, the average of the pulses in each of these channels
was found and saved in the form of a TGraph for each channel in a root file. The average shape
of these pulses can be seen in Figure 5.3.

Once the template was extracted, signals were simulated according to the method described
in Section 5.1, substituting the algebraically-defined pulse shapes with a shape taken from the
TGraph root file. Signals could be generated using the same channel from the root file for
all events, or for a different, randomly selected channel each event, in order to give the neural
network the widest variety of signals to learn from. An example event is shown in Figure 5.3.
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Figure 5.3: Average pulse shape of signals in
PVeto Channel 0.
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Figure 5.4: A simulated event using the average
shape of real Veto pulses.

5.3 Multi-hit reconstruction using a convolutional neural
network

The reconstruction method discussed here made use of a convolutional neural network (CNN)
model. The network was trained to identify the number of hits in a simulated event using a
training sample of 200×103 simulated events and a validation sample of 100×103 events. Testing
was done on a sample of 200×103 independent events. The training, validation and testing
process was run separately for each type of simulation listed in Section 5.1.

The input to the network was the signal height at each of the 1024 digitiser samples, and the
network was trained to minimise the categorical cross-entropy loss function:

Li = −
N∑
j=1

ti,j log(pi,j)

where N is the total number of events in the sample, p is the number of hits predicted by the
network, t is the true number of hits, j is the event being analysed and i is the iteration of the
network.

Table 5.1 shows the architecture of the CNN used to reconstruct events with a linear rise time.
For “standard events" with 3 hits per event, the CNN used 3 convolutional blocks (highlighted in
red) and a dropout layer of weight 20% between the two final densely connected layers, meaning
that a randomly selected 20% of neurons after the penultimate layer were set to zero and not
used in the final layer.
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Model: "VGGlike_CNN"
_________________________________________________________________
 Layer (type)                Output Shape              Param #   
=================================================================
 input_1 (InputLayer)        [(None, 1024, 1)]         0         
                                                                 
 Conv_1 (Conv1D)             (None, 1022, 16)          64        
                                                                 
 leaky_re_lu (LeakyReLU)     (None, 1022, 16)          0         
                                                                 
 MaxPool_1 (MaxPooling1D)    (None, 511, 16)           0         
                                                                 
 Conv_2 (Conv1D)             (None, 509, 16)           784       
                                                                 
 leaky_re_lu_1 (LeakyReLU)   (None, 509, 16)           0         
                                                                 
 MaxPool_2 (MaxPooling1D)    (None, 254, 16)           0         
                                                                 
 Conv_3 (Conv1D)             (None, 252, 32)           1568      
                                                                 
 leaky_re_lu_2 (LeakyReLU)   (None, 252, 32)           0         
                                                                 
 MaxPool_3 (MaxPooling1D)    (None, 126, 32)           0         
                                                                 
 Flatten (Flatten)           (None, 4032)              0         
                                                                 
 Dense_1 (Dense)             (None, 64)                258112    
                                                                 
 ReLU_dense_1 (ReLU)         (None, 64)                0         
                                                                 
 dropout (Dropout)           (None, 64)                0         
                                                                 
 Dense_2 (Dense)             (None, 64)                4160      
                                                                 
 ReLU_dense_2 (ReLU)         (None, 64)                0         
                                                                 
 Output (Dense)              (None, 14)                910       
                                                                 
=================================================================
Total params: 265,598
Trainable params: 265,598
Non-trainable params: 0
_________________________________________________________________

<latexit sha1_base64="VXiPcTmVGRqNukYEuXAjI2zkYT8="></latexit>}
<latexit sha1_base64="VXiPcTmVGRqNukYEuXAjI2zkYT8="></latexit>}<latexit sha1_base64="QHwsEtTXoJJ+lcXsnk9nzsmmvuU="></latexit>Convolutional

Block 3

<latexit sha1_base64="VXiPcTmVGRqNukYEuXAjI2zkYT8="></latexit>}<latexit sha1_base64="+J/F30u5nYZPd/BOm1QkQPUBT6A="></latexit>Convolutional

Block 2

<latexit sha1_base64="VXiPcTmVGRqNukYEuXAjI2zkYT8="></latexit>}<latexit sha1_base64="fRLEATf5z1OTGr6Eg/68/rBDTbo="></latexit>Convolutional

Block 1

Table 5.1: Architecture of convolutional neural network used to analyse events with a linear
rise time.

The parameters of interest in this reconstruction were the efficiency, defined as the number
of events reconstructed correctly as a fraction of the total number of reconstructed events and
the minimum difference in time ∆Tmin between hits for which the reconstruction was accurate
in > 95% of events. All errors reported in this chapter are purely statistical.

5.4 Standard signals
The results discussed in this section are of the reconstruction of standard signals (Section 5.1)

using a model trained specifically for these signals (Table 5.1), compared to the TSpectrum
reconstruction discussed in Section 4.2.

Figure 5.5 shows the number of of hits per event simulated by the toy Monte Carlo (yellow),
and reconstructed using TSpectrum on the derivative (black) and by the CNN (red). The bottom
plot shows the efficiency of reconstruction as a function of the true number of hits generated.

It was assumed that any reconstruction method was likely to be able to distinguish pulses
which are well separated in time. To find the minimum time difference ∆Tmin between two hits
for which events were reconstructed accurately, the minimum time difference between any two
hits in an event was plotted in Figure 5.6 for all events (yellow) and for events in which the correct
number of hits was reconstructed by the CNN (red) and using the TSpectrum reconstruction
(black). The plot is limited to ∆Tmin < 25 ns. The bottom plot shows the reconstruction
efficiency as a function of ∆Tmin. The threshold of separability was considered to be the minimum
∆T at which 95% of events were reconstructed accurately, shown by the blue line.
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Figure 5.5: Number of hits per event created
and reconstructed under standard simulation
conditions.
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Figure 5.6: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
under standard simulation conditions.

It can be seen from Figure 5.5 that with an efficiency of 92%, the neural network gives a much
more faithful reconstruction of the number of hits in an event than the TSpectrum reconstruction,
which gives an efficiency of 72%. It can also be seen from Figure 5.6 that the 95% separability
threshold is reached at ∆Tmin = 8 ns for the neural network compared to ∆Tmin > 20 ns for
the TSpectrum reconstruction, and even for events with hits separated by ∆Tmin < 7 ns, the
reconstruction efficiency is very high. It is interesting to note the dip in reconstruction efficiency
for hits separated by ∆Tmin ≈ trise, where trise is the rise time of the signal. This suggests
that the neural network is able to identify the rising edge of the pulse and use that as a tool to
identify different hits.

This hypothesis was tested in the following two studies, described in Section 5.5 and Sec-
tion 5.6 respectively, where the rise time was changed in order to see whether this dip moved
according to the rise time of the pulses.

To explain the non-neglibile efficiency of the reconstruction for events where ∆Tmin < rise
time, the hypothesis that the network was able to learn and use the average pulse amplitude
was tested by creating a set of signals with a fixed 50 mV amplitude, to which was added the
standard uniform noise. The results are discussed in Section 5.7.

5.5 Signals with 5ns rise time
Maximum efficiency for signals with this reduced rise time was given by adding a 4th convo-

lutional block to the network. This gave an overall efficiency of 96%.
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Figure 5.7: Number of hits per event created
and reconstructed for events with 5ns linear
rise.
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Figure 5.8: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with 5ns linear rise.

It can be seen from Figure 5.8 that the dip in efficiency has moved to the 5ns bin, supporting
the hypothesis that this dip is due to the difficulty in reconstructing hits which are separated by
∆T ≈ trise. It is worth noting the 4 percentage point increase in efficiency of this reconstruction
compared to the reconstruction of standard signals. It is logical that the increase in efficiency
and the decrease in significance of the dip around the rise time are correlated, due to the fact
that for the same number of hits on average arriving inside a time window of equal width, it is
less probable that the hits are separated by less than the 5 ns trise compared to the 7 ns trise.

5.6 Signals with 10ns rise time
To achieve a network with a comparable efficiency to that used for the standard signals, 3

convolutional blocks were used and the dropout was reduced from 20% to 5%. Under these
conditions, the efficiency reached was 93%.
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Figure 5.9: Number of hits per event created
and reconstructed for events with 10ns linear
rise.
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Figure 5.10: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with 10ns linear rise.

From Figure 5.10 the efficiency dip has clearly moved from around 7ns for the standard signals
to be at approximately 10ns, again supporting the idea that the neural network recognises the
rising edge of the signal and uses it to separate one pulse from the next.
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5.7 Signals with amplitude fixed at 50mV
To investigate the possibility that the network was able to learn and recognise the average

pulse height, a network was created with the same architecture as used for the standard signals
and trained on a sample of events in which each hit was created an amplitude of 50mV, to which
was added uniformly distributed random noise in the interval U[-1.5,1.5]. The overall efficiency
reached was above 99.9% .
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Figure 5.11: Number of hits per event created
and reconstructed for events with fixed
amplitude.
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Figure 5.12: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with fixed amplitude.

These results support the idea that the network is able to learn the amplitude of hits and use
this to distinguish them.

5.8 Model trained on signals with mean 5 hits per event
As has been discussed both in Chapter 4 and earlier in this chapter, different channels of the

Vetoes are subjected to different rates of particles entering. In order to simulate this effect and
to see whether it was possible to find a single architecture of the CNN able to reconstruct signals
from all Veto channels, a network was trained on a sample of events created with an average of
5 hits per event and used to reconstruct signals with an average of 3 hits per event.

5.8.1 Signals with mean 5 hits per event
Analysing samples created with an average of 5 hits per event with the network trained on

this type of event gives an overall efficiency of 91%.
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Figure 5.13: Number of hits per event created
and reconstructed for events with mean 5 hits
per event.
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Figure 5.14: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with mean 5 hits per event.

Using this model, separability of pulses is already reached at ∆Tmin = 3ns, which is a signi-
ficant improvement on the results from the standard signals. This reconstruction also avoids the
dip in reconstruction which is seen when using models trained on data with an average of 3 hits
per event, as shown in Sections 5.4 and 5.6.

5.8.2 Signals with mean 3 hits per event
Using the model trained on data with an average of 5 hits per event to reconstruct standard

signals with a mean of 3 hits event resulted in an efficiency of 97%.
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Figure 5.15: Number of hits per event created
and reconstructed for standard events
reconstructed with 5 hit per event model.
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Figure 5.16: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
standard events reconstructed with 5 hit per
event model.

It can be seen that having trained a model to efficiently reconstruct events with an average
of 5 hits per event, this same model can be used with very high efficiency to reconstruct events
with an average of 3 hits per event, giving separation from ∆Tmin = 2ns and avoiding the dip
in reconstruction efficiency seen in the reconstruction of events using models trained on events
with average 3 hits per event, as seen in Sections 5.4 and 5.6.

It should be noticed in addition that the network is able to reconstruct events with higher
numbers of hits per event (No. True Hits ≥ 9) with much higher efficiency than in the standard
model. It is interesting to note that this is true both in the reconstruction of the standard 3 hit
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per event samples, where the global efficiency of 97% is significantly higher than the standard
model efficiency of 92%, and in the 5 hit per event reconstruction where the global efficiency is
slightly lower than for the standard model, at 91%. This is likely due to the fact that the neural
network is exposed more often to events with high numbers of hits per event, which are more
complex to reconstruct than those with fewer hits per event.

5.9 Model trained on signals with uniformly distributed hits
per event

To expand on the study outlined in Section 5.8.2, a network was trained on events where the
number of hits per event was generated according to a uniform distribution in the range U[0,13].
It was then used to reconstruct three types of data: data with hit numbers following the uniform
distribution (Section 5.9.1); data with an average of 5 hits per event (Section 5.9.2) and the
standard samples with average 3 hits per event (Section 5.9.3). The optimal reconstruction was
reached using 6 convolutional blocks and dropout 15%.

5.9.1 Signals with uniformly distributed hits per event
Using this model to reconstruct signals with a uniformly distributed number of hits per event,

the overall efficiency reached 81%.
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Figure 5.17: Number of hits per event created
and reconstructed for events with uniformly
distributed hits ∼U[0,13].
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Figure 5.18: Minimum difference in time
between hits in the same event for with
uniformly distributed hits ∼U[0,13].

It can be seen here that although the model is trained to reconstruct data with exactly this
profile, the difficulty in finding an architecture to provide a highly efficient reconstruction means
that although the ratio of number of hits reconstructed to true number of hits per event shown
in Figure 5.17 is extremely flat compared to Figure 5.5, hits which arrive with ∆Tmin <7ns are
separated with a much lower efficiency than for the standard reconstruction (Compare Figure 5.18
and Figure 5.6).

5.9.2 Signals with mean 5 hits per event
Using the model trained on samples with uniformly distributed events to reconstruct events

with average 5 hits per event resulted in an overall efficiency of 89%. This is slightly lower than
for the network trained with 5 hits per event (see Section 5.8.1), probably due to an incorrect
probability profile being learned by the neural network.
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Figure 5.19: Number of hits per event created
and reconstructed for events with mean 5 hits
per event reconstructed with the uniform
distribution neural network.
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Figure 5.20: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with mean 5 hits per event reconstructed
with the uniform distribution neural network.Again, despite the flatter profile of the ratio of hits per event reconstructed to the truth, the

lower global efficiency of the network leads to separability occurring slightly later compared to
the reconstruction of 5 hit per event data using the 5 hit per event model (Figure 5.14). Given
that events with more hits per event are more likely to have hits arriving closer in time, it is
likely that the difficulty in reconstructing events with more hits is also the reason for the higher
∆Tmin of separability.

5.9.3 Signals with mean 3 hits per event
Reconstructing the standard signal samples which have mean 3 hits per event with the network

trained on uniformly distributed hit events, an efficiency of 96% was reached. This is only slightly
lower than the global efficiency for the same samples reconstructed with the 5 hit per event
model Section 5.8.2 and is in any case higher than the efficiency obtained when reconstructing
the samples with the network that was trained on standard events (Section 5.4).
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Figure 5.21: Number of hits per event created
and reconstructed for events with mean 3 hits
per event reconstructed with the uniform
distribution neural network.
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Figure 5.22: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with mean 3 hits per event reconstructed
with the uniform distribution neural network.

From these plots it can be seen that 95% separability is reached at approximately the same
∆Tmin when the standard samples are reconstructed using the uniformly distributed hit model
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as when they’re reconstructed with the 5 hit per event model, however for all ∆Tmin < 25 ns
the reconstruction efficiency is lower for the uniform hit model.

This study shows that even if a model trained on uniformly distributed hits has a lower
overall efficiency than a model trained on samples with poissonian hits per event, when the
model is used to reconstruct the standard samples the parameters of interest (overall efficiency
and ∆Tmin at which hits are separated with 95% efficiency) do not suffer greatly. It seems likely
that if it were possible to find a neural network architecture to reconstruct uniformly distributed
hits with a higher degree of overall efficiency, it would result in a significant improvement to the
reconstruction of the standard samples. As discussed in Section 5.13 however, training a model
with other distributions could provide an even better outcome.

5.10 Signals with exponential rise time
The standard samples used in this analysis have a linear 7 ns risetime. It can be seen from

Figure 5.2a however, that this is a very idealised idea of the pulse which does not, for example,
reproduce the rounded peak that is seen in real data. In order to try to improve the shape, a
sample of signals with an exponential rise time was created. The details of the simulations of
these signals are explained in Section 5.1. Using 7 convolutional blocks and dropout of 25% the
efficiency of reconstruction of these signals was 93%.
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Figure 5.23: Number of hits per event created
and reconstructed for events with an
exponential rise.
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Figure 5.24: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with an exponential rise.

Here, separability is already reached well before the risetime, at ∆Tmin > 4 ns. This study
shows that it is possible to find a neural network architecture which is able to reconstruct
waveforms with exponential rise times with an efficiency at least as good as that of standard
signals. This lends support to the idea that it would be possible to find an architecture which is
able to reconstruct signals with the true shape of the veto pulses.

5.11 Uncalibrated signal sample
The final study undertaken on signals simulated using the ToyMC investigated the effect of

unequalised gain of different veto channels on the possibility of finding a functioning reconstruc-
tion. In order to simulate the different gains of each of the 90 Veto channels, an array of 90
randomly generated “calibration constants" were created in the range U(0.7,1.3) and for each
event a number was chosen in the range U[0,90) to simulate the veto channel. Once the channel
had been simulated, the element of the calibration constant array which corresponded to the
simulated channel was used to multiply the simulated amplitude of the hits in the event.
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These signals were reconstructed using a neural network with 4 convolutional blocks. Using
this model the reconstruction efficiency of these “uncalibrated" signals was 95%.
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Figure 5.25: Number of hits per event created
and reconstructed for events with random
“calibration" constant.
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Figure 5.26: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events with random “calibration" constant.

It can be seen from this that it is possible to find a model which reconstructs signals well
even if they come from channels of the Veto which do not have perfectly calibrated responses to
the energy of incoming particles. This probably means that the network doesn’t rely heavily on
the pulse amplitude.

5.12 Model trained on signals from data-averaged signals
A model was trained on a sample of signals created from a mixture of all of the Veto channel

templates, as described in Section 5.12. With 8 convolutional blocks, an efficiency of 85% was
reached with a sample size of 200,000 training events and 100,000 validation events. After
completing the analysis reported below, the network was retrained with 400,000 training and
200,000 validation events but the efficiency only rose to 86%, so the analysis was not repeated.

5.12.1 Signals from mix of templates
Using this network to reconstruct a sample of 400,000 signals created using the same com-

bination of channel templates as was used to train the network, the efficiency reached 86%, and
hits were separated at 14 ns. The efficiency of the TSpectrum reconstruction on this sample was
64% and hits were separated at ∆Tmin > 25 ns.
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Figure 5.27: Number of hits per event created
and reconstructed for events from the Channel
2 template, analysed with the model trained on
the mixed channel template.
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Figure 5.28: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events from the Channel 2 template, analysed
with the model trained on the mixed channel
template.

5.12.2 Signals from Channel 0 Template
Reconstructing 400,000 signals made from the template of pulses from PVeto Channel 0,

using the model trained on all of the Veto channels, an efficiency of 86% was reached. This is
comparable to the validation efficiency of the trained network.
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Figure 5.29: Number of hits per event created
and reconstructed for events from the Channel
0 template, analysed with the model trained on
the mixed channel template.
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Figure 5.30: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events from the Channel 0 template, analysed
with the model trained on the mixed channel
template.

From Figure 5.29 it can be seen that on average the network underestimates the number
of hits per event and Figure 5.30 shows that there appears to be an oscillation effect with the
reconstructed efficiency dipping and rising again approximately with every 10 ns added to ∆Tmin.
Since 10 ns is approximately the rise time of the pulse (see Figure 5.3), it is possible that the dip
is related to this fact, however why this would cause the effect to repeat is not yet understood.

The large errors in Figure 5.30 mean that it is impossible to say with certainty at exactly
which value of ∆Tmin the separability threshold is reached.
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5.12.3 Signals from Channel 1 Template
Signals simulated with the template from Channel 1 events were reconstructed using the

model trained on signals from all the Veto channels, and an efficiency of 84% was obtained.
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Figure 5.31: Number of hits per event created
and reconstructed for events from the Channel
1 template, analysed with the model trained on
the mixed channel template.
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Figure 5.32: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events from the Channel 1 template, analysed
with the model trained on the mixed channel
template.

The underestimation of the number of hits per event can be seen again in Figure 5.31, however
Figure 5.32 does not seem to show the characteristic dip in efficiency, and the oscillation effect is
reduced compared to the reconstruction of Channel 0 with the mixed model (Figure 5.30). Since
the overall efficiency of this reconstruction is slightly lower (84% as opposed to 85%), this shows
that the oscillation is not more evident in lower efficiency studies.

5.12.4 Signals from Channel 2 Template
The reconstruction of signals from the Channel 2 template using the mixed template model

gave an efficiency of 86%.
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Figure 5.33: Number of hits per event created
and reconstructed for events from the Channel
2 template, analysed with the model trained on
the mixed channel template.
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Figure 5.34: Minimum difference in time
between hits in the same event for simulated
events and events correctly reconstructed,
events from the Channel 2 template, analysed
with the model trained on the mixed channel
template.
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The underestimation of the number of hits per event can be seen again in Figure 5.33, and
again we see that despite this data sample having the highest reconstruction efficiency of the
three samples reconstructed with the mixed channel model, the oscillation effect is the most
visible in this study (Figure 5.34).

5.13 Conclusion
The work in this chapter demonstrates that it is possible to create a convolutional neural

network to reconstruct simulated signals from the PVeto at PADME. It has been shown that
the architecture required for the network depends on the particular characteristics of the signal
samples used, but in all cases an acceptable level of efficiency was achieved and 95% separability
was reached at a relatively low ∆Tmin.

It is likely that if a network were trained on samples of events which had more events with
high numbers of hits per event than events with low numbers of hits per event, the performance
of the network on the standard samples would be improved. This is because events with more
hits are more complex and have hits closer together in time on average, meaning that higher
numbers of examples of these events are needed to train the network to recognise their shape.

This study supports the hypothesis that a convolutional neural network could be found to
reconstruct all channels of the Veto with roughly equal efficiency, however the network trained
on templates from data from all of the veto channels was not as efficient as most of the networks
trained on toy Monte Carlo signals. It is possible that increasing the size of the training and
validation samples could improve this situation, however the increase would have to be very
large, as doubling from 200,000 to 400,000 training samples did not produce significant effects.
It is also possible that changing the distribution of hits per event as mentioned above could have
a bigger impact, however this was not tested in this work.

The data tests also show an unusual oscillation effect in the reconstruction efficiency as
a function of the minimum difference in time between two hits in an event. This study did
not investigate the reasons for this effect, however it is not clear that an overall increase in
reconstruction efficiency would prevent this from happening.

The neural networks created in this study did not reconstruct hit position or amplitude,
both fundamental characteristics both for correct vetoing of Bremsstrahlung radiation and for
searches for multi-lepton final states. If machine learning tools are implemented in the PADME
reconstruction, a method will have to be developed to find the peaks and not only count them.
The output from the neural network could be used, for example, as an input parameter for
TSpectrum to force the method to search for the number of peaks determined by the neural
network.

Since this study was finished, the PADME group at Sofia University has successfully merged
neural networks with the standard PADME software and are studying the use of these tools in the
analysis of Run 3 data. At the time of writing, however, these tools have not been fully integrated
and tested with the full software framework. For this reason, the reconstruction used for the
analysis described in Chapter 6 used the analytical tools discussed in Chapter 4. Nevertheless,
the success of these techniques is enough to provide an encouraging starting point for further
studies into their use for the reconstruction of real data at the PADME experiment.

73



Chapter 6

Bhabha scattering in PADME Run 2

This thesis presents a measurement of the Bhabha scattering cross-section in the Run 2 data at
PADME. The first step in the analysis was to study the geometrical acceptance and the topology
of Bhabha scattering events in the PADME detector, outlined in Section 6.1. Section 6.2 sets
out the data conditions of the sample used in the analysis presented here. This is followed by
a discussion of the timing measurement for particles presumed to come from Bhabha scattering
final states (Section 6.3).

Since a measurement of the cross-section of Bhabha scattering relies on a measurement of the
number of positrons incident on the Target (NPoT), this information is presented in Section 6.4,
after which the sources of background to the Bhabha scattering measurement are presented in
Section 6.5, and the process by which they are subtracted is explained in Section 6.6. The
number of signals observed is then presented in Section 6.7, and the conversion to cross section
is discussed in Section 6.8 before the chapter ends with a discussion of the systematic errors in
Section 6.9.

6.1 Topology of Bhabha scattering at PADME
The Veto detectors were originally designed to study Bremsstrahlung. Bremsstrahlung has

a very different kinematic profile from Bhabha scattering, and therefore a different angular
spectrum, particularly compared to S-Channel Bhabha scattering processes. Since positrons
which undergo Bremsstrahlung in the Target typically lose relatively little energy, when leaving
the Target the particles are still highly boosted forward and therefore the angular distribution
of these particles peaks sharply at low angles to the beam. This means that it can be assumed
that any deviation from the z-axis is due only to the effect of the dipole magnet. This in turn
means that the z-coordinate of the final point of impact of the particle in the Veto, given by
the channel number, can be used to reconstruct the momentum of the particle as discussed in
Section 4.4.

The kinematic difference between Bremsstrahlung and Bhabha scattering, particularly S-
channel, gives rise to very different angular spectra for the final state particles, as seen in Fig-
ure 6.1. This difference in angular distribution causes a completely different correlation between
the energy of final state particles and their channel of arrival. The kinematic distributions of S-
Channel and T-Channel Bhabha scattering are treated in more detail in Sections 6.1.1 and 6.1.2
respectively. From the analysis presented in these sections, it is clear that it isn’t possible to
find an analytical formula to infer particle energy from point of impact for final state particles
coming from Bhabha scattering. Therefore, the analysis strategy can’t be based on finding pairs
of particles with energies that sum to the beam energy. With reference to Figure 6.1, it should be
noted that the two Bhabha channels were studied independently using samples generated from
CalcHEP, whereas Bremsstrahlung and the combination of all Bhabha scattering processes were
studied using the physics generator “G4MollerBhabhaModel" from Geant4 [100]. The T-Channel
process produced by CalcHEP included a cut on the energy of the outgoing electron at 1 MeV,
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to avoid infrared divergence.
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(a) Bhabha T-Channel
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(b) Bhabha S-Channel
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(d) Bremsstrahlung (zoomed)

Figure 6.1: Theta: angle to beamline of final state particles in lab frame for Bremsstrahlung
and T-Channel and S-channel Bhabha scattering. The positron is represented in red in each
case, while in Bhabha scattering blue represents the electron and in Bremsstrahlung blue
represents the photon. Plots have been normalised to the total number of events simulated.
The bottom right subfigure is a zoom of the bottom left.

While this thesis provides a measurement of the inclusive Bhabha scattering cross section, it is
worth noting that, as discussed in Chapter 2, for Dark Sector studies, the kinematic distribution
of the S-Channel will be identical to the distribution of final state particles resulting from the
decay of, for example, a dark photon (A′) with mass mA′ =

√
s. In this context, therefore,

it is particularly important to study the kinematic and geometrical characteristics of the S-
Channel process. As is demonstrated in the following subsections, the S-Channel acceptance
in PADME Run 2 was around 15%, while the T-Channel acceptance is ∼0.07%, meaning that
visible decay searches for dark photons would not be overwhelmed by background coming from
T-Channel Bhabha scattering. This is a unique opportunity at fixed-target experiments, since
in experiments with colliding beams of equal energy the conservation of momentum means that
there would be no preferred direction for final state particles in either channel.

The geometrical acceptance was studied using an algorithm known as the “swimmer" which
took charged particles produced at the Target in the Monte Carlo and, based on their kinematic
properties, the geometry of the detector and the map of the magnetic field, calculated their
trajectory point-by-point in steps of 0.2 mm, providing the predicted impact point in the veto
system.
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6.1.1 S-Channel Bhabha Scattering
Since in S-Channel scattering, the off-shell photon produced in e+e− annihilation converts

into an e+e− pair, the final state particles are emitted symmetrically with respect to the beamline.
Combined with the symmetry of the experimental setup, this kinematic symmetry leads to an
expected symmetry in the final geometrical distribution of the detected particles as well.

As is discussed in Chapter 4 and treated in more detail in Section 6.2, above Channel 70, the
beam halo causes pileup to increase, leading to increased difficulty of reconstruction in this region.
Particles which arrived in channels downstream of Channel 70 were therefore omitted from this
analysis. As can be seen in Figure 6.2, when final-state particles from Bhabha scattering enter
either Veto in channel ≤70, the other final-state particle enters the opposite Veto in channel ≥30.
Therefore the signal region for this analysis was defined as:

PV etoChID,EV etoChID ∈ [30, 70]

Considering the 4 broken EVeto channels, out of 100,000 tree-level S-Channel events simulated
in CalcHEP, approximately 45,000 entered the PADME vetoes, of which approximately 15,000
are contained in the accepted region. This gives a geometrical acceptance of ∼15% for the
S-channel process.
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(b) Broken EVeto channels 52-55

Figure 6.2: Geometrical occupancy of Bhabha S-Channel processes; PVeto channel on x-axis,
EVeto channel on y-axis. The red box represents the range between channels [30,70] in both
vetoes, the geometrical region considered for this analysis. The left plot shows the distribution
as it would be without the four broken EVeto channels while the right plot shows the effect of
these broken channels.

The bimodal distributions shown in Figure 6.2 can be seen again in Figure 6.3, which shows
the energy in the lab frame of final state particles from S-Channel events as a function of the Veto
channel number in which they arrive. This can be contrasted with the monomodal distribution
found in Bremsstrahlung events, shown in Figure 4.26.
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(b) EVeto

Figure 6.3: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for final-state particles from S-Channel Bhabha scattering.

It can be seen therefore, that for the same channel of impact in the Veto, there is a wide
range of energies available to the final-state particles, with two equally probable values on each
side of the spectrum. This means that, unlike the Bremsstrahlung case, it is impossible to find
a function that transforms Veto channel into particle energy.

Studying the geometrical distribution of e+e− pairs coming from S-Channel Bhabha scatter-
ing accepted in the PADME Vetoes, shown in Figure 6.2, it can be seen that the signal has a
distribution of channel sum greater than a constant:

PV etoChID + EV etoChID > const.

This is shown clearly in Figure 6.4, where it can be seen that all of the signal lies in the range
PV etoChID + EV etoChID ≥ 90.
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Figure 6.4: Channel sum PV etoChID + EV etoChID for S-Channel Bhabha events with
PV etoChID,EV etoChID ∈ [30, 70].

Selecting events which end up in the region PV etoChID + EV etoChID ≥ 90 shows that
even in the selected events it is still impossible to find a relation that gives the energy of a particle
entering the Veto as a function of the channel where it enters. This can be seen in Figure 6.5
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(b) EVeto

Figure 6.5: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for S-Channel final-state particles where PV etoChID + EV etoChID ≥ 90.

The angular spectrum of accepted S-Channel particles is shown in Figure 6.6. Here it can be
seen that the accepted range of angles is very wide, giving rise to the wide energy spectrum for
each channel of impact in the Veto.
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Figure 6.6: Theta: angle to beamline of final state particles from S-Channel Bhabha scattering
for events where both particles end up in selected signal region, in lab frame and in centre of
mass frame. Plots have been normalised to the total number of events simulated.

6.1.2 T-Channel Bhabha Scattering
Figure 6.1a shows the kinematic distributions of tree-level T-Channel final-states, generated

in CalcHEP. As can be seen there, the angular distribution of final state particles coming from
T-Channel processes is strongly asymmetric, with the positron mostly very forward. This means
that the acceptance of final state particles coming from T-Channel events is much smaller than
for those coming from the S-Channel process: of 2×107 T-channel events, only 13,000 end up in
the selection PV etoChID,EV etoChID ∈ [30, 70]. This gives an acceptance of 0.065%.
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Figure 6.7: Geometrical occupancy of Bhabha T-Channel processes, with and without the
effect of the 4 broken EVeto channels. The red box represents the range between channels
[30,70] in both vetoes, the geometrical region considered for this analysis.

Figure 6.7 also shows, however, that the populated areas of the vetoes end up being the same,
even if the distribution of events within these areas is different: T-Channel events dominantly
populate the region of the PVeto closest to the ECal while S-Channel events are more evenly
distributed over all of the channels. This shows that the two channels cannot be separated and
measurements of the cross section for each channel independently cannot be performed.

The hotspot at high PVeto channels can be seen again in Figure 6.8 which shows the relation
between energy and final channel in the Vetoes for T-Channel final state particles. Here again,
it is clear to see that there isn’t one specific value of particle energy for each Veto channel.
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Figure 6.8: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for T-Channel particles.

The similarity in topology of the S-Channel and the T-Channel processes leads to the distribu-
tion of PV etoChID+EV etoChID lying in the same region for both S-Channel and T-Channel
processes, as shown in Figure 6.9.
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Figure 6.9: Channel sum PV etoChID + EV etoChID for S-Channel and T-Channel Bhabha
events with PV etoChID,EV etoChID ∈ [30, 70]. The T-Channel distribution has been scaled
to the number of accepted S-Channel events, a factor of 1.2 times.

Performing the selection of the region PV etoChID + EV etoChID ≥ 90 in T-Channel pro-
cesses shows that the T-Channel process suffers from the same problem with regards to recon-
structing particle energy given channel number as the S-Channel, as seen in Figure 6.10
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Figure 6.10: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for T-Channel particles where PV etoChID + EV etoChID ≥ 90.

Given the similarities in the geometrical distributions of S- and T-Channel final states, it is
no surprise that the angular range covered by the T-Channel process, shown in Figure 6.11, lies
in almost the same region as the S-Channel (cf. Figure 6.6).
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Figure 6.11: Theta: angle to beamline of final state particles from T-Channel Bhabha
scattering for events where both particles end up in selected signal region, in lab frame and in
centre of mass frame. Plots have been normalised to the total number of events simulated.

6.1.3 Combined S- and T-Channel
In order to study the combined effect of both channels and the interference between them,

the Geant4 physics generator “G4MollerBhabhaModel" was used to create the Bhabha scattering
events for the full Monte Carlo sample [100]. This was the same sample used in the cross section
analysis. It should be stressed again here that Geant4 only contains tree-level calculations for
the Bhabha cross-section.

The full Monte Carlo sample included the full simulation of the beamline, meaning that some
of the particles which arrived at the target had already lost energy, for example in interactions in
the Mylar window, or were slightly out of the nominal trajectory. This leads to a small number of
Bhabha events producing particles which arrive outside of the acceptance seen in Sections 6.1.1
and 6.1.2.

The sample contained 2×106 bunches, each containing an average of 5.2×103 positrons on
Target (PoT) per bunch and a total of 4.49×107 Bhabha events, and gave the geometrical
occupancy shown in Figure 6.12. From this sample, approximately 37,000 Bhabha events entered
the selection, giving an acceptance of 0.082%.

The distributions of particle energies vs channel of impact are shown in Figure 6.13. The
hotspot at high PVetoChID shown in Figures 6.12 and 6.13a, together with the region of
(PVetoChID,EVetoChID) between (30,60) and (60,30) in Figure 6.12 show that despite the low
acceptance of T-Channel events, the higher cross section of this process compared to the S-
Channel means that a significant number of these events are still detectable by the experiment.
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Figure 6.12: Geometrical acceptance of Bhabha events from Geant4 generator. The red box
represents the range between channels [30,70] in both vetoes, the geometrical region considered
for this analysis.
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Figure 6.13: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for Bhabha events from Geant4 generator.

The kinematic constraints mean that the distribution of the sum of the channels remains con-
sistent with the distributions from the two Bhabha channels individually, as seen in Figure 6.14.
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Figure 6.14: Channel sum PV etoChID + EV etoChID for Bhabha events from Geant4
generator which have PV etoChID,EV etoChID ∈ [30, 70].

Applying the selection that both particles must arrive in the accepted region and satisfy
PV etoChID + EV etoChID ≥ 90, it can be seen that of the ∼10.4×106 PoT, approximately
3,700 Bhabha events were produced that were accepted into the geometrical selection. The final
angular range accepted from all Bhabha events is seen in Figure 6.16
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Figure 6.15: Energy of positrons (electrons) vs PVeto (EVeto) channel in which particles arrive,
for Bhabha events from Geant4 generator which satisfy PV etoChID + EV etoChID ≥ 90.
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Figure 6.16: Theta: angle to beamline of final state particles for Bhabha scattering from Geant4
generator for events where both particles end up in selected signal region, in lab frame and in
centre of mass frame. Plots have been normalised to the total number of events simulated.

As motivated in the preceding sections, the geometrical selection for Bhabha events was based
on the following two criteria:

• PV etoChID,EV etoChID ∈ [30, 70]

• PV etoChID + EV etoChID ≥ 90

6.2 Pile-up and Veto occupancy rates
All types of background become more probable with more particles close in time between the

Vetoes, a phenomenon known as pile-up. Clearly, therefore, the higher the intensity of the beam
the greater the problem posed by background. However, the high cross-section and acceptance
of the Bhabha processes presented in Section 6.1.3 mean that the analysis does not require
very large numbers of PoT to achieve a precise measurement. Therefore, in order to reduce
pile-up, this analysis used Run 30660 which had a flux, known at PADME as “multiplicity", of
approximately 4.6×103 positrons on target (PoT) per bunch. This is almost 6 times lower than
the nominal multiplicity of 27–28×103 PoT/bunch used in dark photon searches at PADME.
However with more than 2.5×106 bunches in the run, the total luminosity collected is equivalent
to approximately 1×1010 PoT and the number of accepted Bhabha scattering events is expected
to be of order 104.

As previously discussed, in addition to choosing a low-multiplicity run, the pile-up was further
reduced by restricting the analysis to the region of the Vetoes which receives a lower flux of
particles. Figures 6.17 and 6.18 show the occupancy in Run 30660.

Since the analysis strategy relies on the Monte Carlo (MC) to calculate the acceptance, it is
very important that any cuts applied to the data are well reproduced in the MC. It can be seen
in Figures 6.17 and 6.18 that the ratio between the occupancy found in data and MC is very
stable, particularly in PV etoChID,EV etoChID ∈[30,70].
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Figure 6.17: Veto occupancy in data compared to MC. Histograms are normalised to the
luminosity collected in Run 30660.
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Figure 6.18: Veto occupancy in data compared to MC, zoomed to channels 30-70. Monte Carlo
histograms are normalised to the integral of the data.

The figure of merit here is the ratio of the number clusters which fall inside the selection
PV etoChID,EV etoChID ∈ [30, 70] to the number of clusters outside of the selection. This
ratio is given in Table 6.1. The ratio was calculated with respect to all clusters in the range
PV etoChID,EV etoChID ∈ [0, 90], ignoring the last 6 channels of the EVeto for two reasons:
first, because these channels are particularly sensitive to the beam halo which may not be very
well simulated in the MC, and second, because they had not been studied in order to equalise
the channel gains and cable lengths of these channels. It can be seen here that this ratio is very
well controlled between data and MC for both detectors.
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Table 6.1: Fraction of all clusters which arrive inside channels [30-70] for each Veto in data
(blue) and MC (red). Errors are statistical.

Distribution considered Ratio (clusters with ChID∈[30,70])/all clusters
PVeto Data 0.1413 ± 0.00041
PVeto MC 0.1395 ± 0.00036
EVeto Data 0.2604 ± 0.0018
EVeto MC 0.2660 ± 0.0020

6.3 Bhabha time of flight correction
In the reconstruction of the Vetoes, the time of arrival of a particle in one of the channels

is corrected for contributions coming from the electronics and the cables, as described in Sec-
tion 4.2.5. At the reconstruction level, however, it is not possible to correct for the time of flight
of particles, as this depends on their trajectory which depends in turn on the kinematics of the
physical process that produced them. Since this information can only be inferred by combin-
ing information from different subdetectors, time of flight corrections can only be performed at
analysis level. The kinematic distributions discussed previously lead to final state positrons and
electrons travelling along dissimilar trajectories. This means that the time at which they arrive
in the respective Vetoes will be different, and therefore the simple subtraction of these times will
not be enough to determine whether the particles were emitted at the same time from the target.

However, as shown in Figure 6.19, the difference in time of arrival in the Vetoes is a func-
tion of the difference in channel ID of the particles (∆Ch = PV etoChID − EV etoChID) –
used as a proxy for the difference in length of trajectory. The function to go from ∆Ch to
∆T (PV eto−EV eto) was found by fitting a third order polynomial to the Geant4 Monte Carlo
sample. As can be seen comparing Figure 6.19a to Figure 6.19b, selecting Bhabha events from
the swimming algorithm which arrive in the final selection PV etoChID,EV etoChID ∈ [30, 70]
and PV etoChID + EV etoChID ≥ 90, the reduced angular acceptance means that coefficients
of the polynomial vary compared to selecting all Bhabha events entering the Vetoes. Since in
the final analysis the only events used came from the selection in Figure 6.19b, the polynomial
fitted to this selection was used to reconstruct the difference in time between two clusters in the
Vetoes.

80− 60− 40− 20− 0 20 40 60 80
PVetoChID-EVetoChID

5−

4−

3−

2−

1−

0

1

2

3

4

5

T
(P

V
et

o-
E

V
et

o)
 (

ns
)

∆

 / ndf 2χ  1.529e+05 / 595

p0       07− 3.2e±07 −7.036e− 
p1       05− 2.665e±06 − 8.57e

p2        0.0009888± 0.03617 

p3        0.03623±0.05154 − 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200 / ndf 2χ  1.529e+05 / 595

p0       07− 3.2e±07 −7.036e− 
p1       05− 2.665e±06 − 8.57e

p2        0.0009888± 0.03617 

p3        0.03623±0.05154 − 

(a) All events

40− 30− 20− 10− 0 10 20 30 40
PVetoChID-EVetoChID

5−

4−

3−

2−

1−

0

1

2

3

4

5

T
(P

V
et

o-
E

V
et

o)
 (

ns
)

∆

 / ndf 2χ  3.569e+04 / 269

p0       06− 5.475e±07 −1.82e− 

p1        0.000126±06 − 7.565e

p2        0.003649± 0.03607 

p3        0.04776±0.04378 − 

0

50

100

150

200

250

300

350

400
 / ndf 2χ  3.569e+04 / 269

p0       06− 5.475e±07 −1.82e− 

p1        0.000126±06 − 7.565e

p2        0.003649± 0.03607 

p3        0.04776±0.04378 − 

(b) Events in Bhabha selection

Figure 6.19: Difference in time of arrival from swimming algorithm of Bhabha final state
particles in Vetoes as a function of difference in channel number.

Two clusters in the vetoes were therefore considered to be in time if they satisfied

|∆T (PV eto− EV eto)−∆Ttraj | ≤ 5 ns (6.1)
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where ∆Ttraj is the time correction due to the trajectory, given in ns by

∆Ttraj = −1.82× 10−7(∆Ch)3 + 7.57× 10−6(∆Ch)2 + 0.036∆Ch− 0.044 (6.2)

with
∆Ch = PV etoChID − EV etoChID (6.3)

The choice of 5 ns as a cut is motivated at the end of this section, after Figure 6.25.
Figure 6.20 shows the effect of applying the relation found from the swimming algorithm to

reconstructed clusters from the full Monte Carlo simulation which end up in the selection. It can
be seen that the time resolution between the two Veto detectors improves very significantly.
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Figure 6.20: Difference in time of arrival of clusters in Vetoes in full Geant4 Monte Carlo
sample before and after applying the time of flight correction, as calculated in Equations (6.2)
to (6.3), for clusters in geometrical selection.

Figure 6.21 shows the effect of applying this correction to the data. Here it can be seen that,
although the distribution is better centred on zero and the peak is thinner after the correction
is applied, the improvement is much more modest in the data than in the Monte Carlo of
Figure 6.20.
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Figure 6.21: Difference in time of arrival of clusters in Vetoes in Run 30660 before and after
applying the time of flight correction, as calculated in Equations (6.2) to (6.3).

The difference here between data and Monte Carlo comes from the following three effects
which exist in the data but are not modelled in the Monte Carlo:
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• The time resolution of the Veto electronics and reconstruction method. This is of order
∼ 0.5 ns, as seen in Figure 4.22;

• The time of propagation of scintillating light from point of emission to the silicon pho-
tompultiplier (SiPM). Since the Veto bars are readout from only one end, at the bottom
of the bar, light emitted at the top must travel 178 mm through the wavelength shifting
fibre, which has a refractive index of 1.6. This gives up to 0.95 ns delay between particles
emitted at opposite ends of the bar;

• The decay time of re-emission of light in the wavelength shifting fibre, approximately 2.7 ns
[101].

With regards to the second point, it should be noted that, as has been seen in Figure 6.1d and
discussed previously, both final state particles from Bremsstrahlung are emitted at very small
angles to the beam. This means that Bremsstrahlung positrons enter the magnetic field with very
little transverse momentum and therefore arrive in the centre of the PVeto bar. Therefore, the
time that scintillation light from Bremsstrahlung positrons takes from the point of impact to the
SiPM is relatively constant and is included in the correction for the cables/reconstruction effects
discussed in Section 4.2.5. In the case of Bhabha scattering, the accepted particles are emitted
with larger angles to the beam, as shown in Figure 6.16. This transverse momentum means
that the magnetic field causes a deflection in Y, which may cause a delay in arrival time of the
scintillation light produced. This effect is demonstrated in Figure 6.22, which shows the position
in Y of particles entering the Vetoes, studied using the Monte Carlo swimmer. The distribution
in Y of positrons coming from Bremsstrahlung events is strongly peaked in the centre of the bar,
while Bhabha events are mostly distributed at the edges of the bars. The fact that the Bhabha
distributions do not have a sharp peak also means that this effect cannot be corrected for a
posteriori, since the Y position can be neither measured or assumed.
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(a) Positrons from Bhabha scattering events in
PV etoChID,EV etoChID ∈ [30, 70]
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(b) Electrons from Bhabha scattering events in
PV etoChID,EV etoChID ∈ [30, 70]
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Figure 6.22: Y position, given by MC swimmer, of positrons entering the PVeto (Figure 6.22a)
and electrons entering the EVeto (Figure 6.22b) from Bhabha events which enter the
geometrical acceptance PV etoChID,EV etoChID ∈ [30, 70], and of positrons entering the
PVeto from Bremsstrahlung events (Figure 6.22c).

The third point in the list above creates a difference between Bremsstrahlung and Bhabha
scattering not only due to the fact that using two Vetoes means introducing this uncertainty
twice, but also due to the topology of the two processes: Bremsstrahlung has very highly boos-
ted positrons which are deflected relatively little by the magnetic field, which therefore enter
the PVeto at much shallower angles, passing through more scintillating bars before leaving the
detector. In Bhabha scattering, the angular distribution of the electron that enters the detector
does not peak at small angles, as seen in Figure 6.1a, meaning that it enters the magnetic field
at a higher angle to the beamline than a positron from Bremsstrahlung. This means that the
particle enters the Veto at a sharper angle and hits fewer bars, creating shorter clusters. Since
the cluster time is the average of the times of the individual hits, the variation in emission time
is lower in Bremsstrahlung than in Bhabha scattering.

These effects are summarised in Figures 6.23 and 6.24, made using a toy Monte Carlo to
estimate the impact of each effect individually. The toy Monte Carlo simulated the difference in
time between particles observed in the PVeto, EVeto and the SAC, due only to the resolution
of each detector. The SAC resolution was simulated as ∼Gaus(0,0.15) ns, while the Vetoes
had three components simulated: Gaus(0,0.4) ns for the electronics resolution, U(−1, 1) ns for
the relative distances from the SiPM and exp(−1/2.7) ns for the time of emission of the fibre.
Figure 6.23 shows the resolution of Bremsstrahlung events from this toy assuming only one
PVeto scintillating bar was hit (blue) and assuming a cluster of two scintillating bars in the
PVeto. Figure 6.24 shows the effect of only the wavelength shifting fibre in events with one bar
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hit in each Veto (red) and the combination of this effect with the resolution of the electronics
and the distance to the SiPMs (blue).
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Figure 6.23: Difference in time between PVeto and SAC assuming only detector resolutions.
The SAC resolution is given by Gaus(0,0.15) ns, whereas the PVeto resolution comes from a
Gaus(0,0.4) ns summed with an exponential exp(−1/2.7) ns to represent the time of emission
of the fibre. Blue is assuming a single scintillating bar, red is assuming two scintillating bars.
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Figure 6.24: Difference in time between PVeto and EVeto assuming only detector resolutions.
Red shows the difference only due to the fibre while blue shows the effect of the fibre combined
with the distance from the SiPM and and intrinsic 0.4 ns Gaussian resolution.

The combination of the difference in time with the topology of final states at PADME gave rise
to the distinctive, three-pronged “trident" distribution seen in Figure 6.25, while the exponential
decay time of the fibre smears the distribution and worsens the resolution, leading to the wide
and non-Gaussian shape of Figure 6.21b.
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Figure 6.25: Sum of channels PVetoChID+EVetoChID vs corrected time difference for clusters
in data.

Since the experimental acceptance for Bhabha scattering was calculated using the Monte
Carlo, it is extremely important that any cuts applied to the data have a well reproduced im-
pact on the Monte Carlo as well. Since the distributions outside of the peak in Figure 6.21b
are relatively flat, it was considered that background subtraction would be relatively straight-
forward and would introduce less systematic uncertainty than a poorly controlled cut in the
centre of the peak. Therefore, the cut on ∆T (PV eto − EV eto) was kept as wide as was reas-
onably possible and events were selected which had a cluster in each Veto arriving in the range
PV etoChID,EV etoChID ∈ [30, 70] within 5 ns of each other.

The distribution of these events in channel sum is given in Figure 6.26. Compared to the
swimming of Monte Carlo events shown in Figure 6.14, the large tail on the left hand side
demonstrates that there’s still a significant background component to this measurement. The
background sources are listed in Section 6.5, and their treatment is discussed in depth in Sec-
tion 6.6.
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Figure 6.26: Channel sum PV etoChID + EV etoChID for events in Run 30660 with
|∆T (PV eto− EV eto)| <5 ns.
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6.4 NPoT and Data Quality
PADME was designed to use the active diamond Target as a luminosity monitor. The devel-

opment, characterisation and reconstruction of this detector were the subject of Federica Oliva’s
2021 PhD thesis [90] and are beyond the scope of this work. It is important to note, however,
that since the experiment was designed to operate between 27k–28k PoT/bunch, most of the
reconstruction efforts were focussed around this level of multipliticy. This means that, while in
the e+e− → γγ measurement the total uncertainty on the total number of positrons on Target
(NPoT) was 4% [102], in the analysis presented in this chapter the uncertainty is expected to be
higher, not least due to a lower ratio of signal to noise in the graphite strips of the Target.

The Target calibration was performed using special data sets which had varying multiplicities,
as measured by the BTF Calorimeter. The results of these runs can be seen in Figure 6.27 for
two different conditions: when the beam hit only one X strip of the target and when the target
was positioned so that the beam hit between two strips. Since at the time of writing it’s not
clear exactly what the conditions were in the data set used for this analysis (Run 30660), the
uncertainty on the total charge collected in the X view is taken to be the relative difference
between the measurements shown in green and yellow respectively. At 4.5k PoT/bunch it can be
seen that this value is of order 10%. Since the Target reconstruction used in this analysis relied on
the average of the charge collected on the X and Y views of the Target, this difference produces
a systematic uncertainty on NPoT which translates into a systematic uncertainty on the cross
section. This difference should be reducible by calibrating NPoT using the beam monitoring
system introduced in Run 3, since the beam conditions in Run 3 were very similar to those in
the data sample used in this analysis.

Figure 6.27: Total charge reconstructed by Target as a function of NPoT from [90]

The distribution of NPoT/bunch over the full run in Run 30660 given by the current Target
reconstruction is shown in Figure 6.28a. The data taken at PADME is split into 5 streams, and
data files are saved into one of these five streams every 1000 bunches. Taking just one of these
streams gives a fifth of the data set across the whole run where the file number of the data file is
an easy way to access the time ordering of the events. As can be seen in Figure 6.28, using the
whole run or only using one fifth, the mean and sigma remain stable, validating the use of only
the one stream for beam stability and data quality studies.
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Figure 6.28: NPoT per bunch in all events of Run 30660 and in the single stream considered for
the data quality and beam stability studies.

In Figure 6.28 there is a second peak around zero, leading to the conclusion that the pedestal
was not being subtracted correctly. This peak was fitted, as shown in Figure 6.29, and the
resulting MPV of 369 (± 11) was then subtracted from NPoT a posteriori, giving the distribution
seen in Figure 6.30.
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Figure 6.29: Pedestal of NPoT in Run 30660
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Figure 6.30: NPoT in one stream of events of
Run 30660, with pedestal subtracted

Taking the most probable value of NPoT per 1000 events and subtracting 369, the beam
stability can be seen in Figure 6.31. It’s clear to see here that all but 14 files have a modal NPoT
between 4.0k and 5.0k, shown by the red bands. This shows that the beam staff were able to
keep the multiplicity of the beam very stable over the whole course of the run.

Bunches with <3k PoT were considered to have no beam and were not considered in this
analysis.
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Figure 6.31: Average NPoT per 1000 events of Run 30660, with pedestal subtracted.

As has already been noted, the Bhabha scattering acceptance is highly dependent on the
angle with which the particle enters the magnetic field. If the beam were off-axis in the data,
particles would enter the magnetic field with an angle which would be poorly controlled between
data and MC, resulting in a poorly estimated acceptance. This means that the stability of the
beam angle and its reproducibility between data and Monte Carlo are important indications of
data quality.

This angle can be measured by studying the weighted centre of two annihilation photons,
known as the “Centre of Gravity" (CoG), given by Equation (6.4)

CoGx =
xγ1Eγ1 + xγ2Eγ2

Eγ1 + Eγ2
(6.4)

where xγ1(2)
is the position of each photon in the ECal, and Eγ1(2)

is the photon energy. Inform-
ation about the validation of this technique and the commissioning of the ECal can be found in
[103]. The CoG in data and Monte Carlo is shown in Figure 6.32, where it is clear to see that the
centre of the distribution is in the same position, although the resolution is significantly better
in the data. This is probably due to the fact that the Monte Carlo was simulated using nominal
beam conditions, except the multiplicity, while in the data it is likely that the collimating slits
were closed to produce the reduction in multiplicity from 28k PoT/bunch to 4.5k PoT/bunch.
This results in a wider range of beam energies being accepted at the Target in the Monte Carlo
than in the data, however as discussed in Section 6.9, the uncertainty on the beam energy and
on its spread has minimal impact on the final cross-section. Therefore the energy spread in the
Monte Carlo wasn’t reduced.

The fact that the peaks of the distributions are in the same place demonstrates that the beam
angle is consistent between data and Monte Carlo, validating the use of the acceptance found in
MC for the measurement on the data.
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Figure 6.32: CoG in Data (blue) and in MC (red), as defined in Equation (6.4)

6.5 Backgrounds at PADME
Any process which produces a cluster in the PVeto in time with a cluster in the EVeto is a

potential source of background to the Bhabha scattering measurement at PADME. The main
background sources identified and studied in this work are:

• Photon background: if photons produced in e+e− → γγ annihilation end up in the Vetoes,
and convert to charged particles they could resemble the Bhabha signal. The discussion of
this study is in Section 6.5.1.

• Beam background: off-trajectory beam particles which hit the beam pipe or particles res-
ulting from beam interactions with the Mylar window (Figure 3.3), both of which can cause
particles to enter the Vetoes. This is discussed in detail in Section 6.5.2.

• Bremsstrahlung: if a Bremsstrahlung positron is in time with an incidental cluster in
the EVeto, it could have the same signature as Bhabha scattering. This is treated in
Section 6.5.3.

The importance of each of these sources of background was studied using the Monte Carlo,
however all eventual background subtraction was done entirely using data-driven techniques.

6.5.1 Photon annihilation background
If two photons from e+e− → γγ annihilation arrived in the Vetoes, converted to charged

particles and created clusters, this could potentially create a source of background for the Bhabha
signal. To check the potential acceptance in the Vetoes of any photons coming from this process,
a Monte Carlo simulation was created with 5×105 e+e− → γγ annihilation events. None of the
generated events created a cluster in the EVeto, therefore the contribution to the background of
this source is at least two orders of magnitude below the acceptance of the Bhabha scattering
signal as found in Figure 6.12. Combined with the fact that the cross section for e+e− → γγ
annihilation is more than 20×103 smaller than that of Bhabha scattering, this background is
therefore considered negligible.

6.5.2 Beam background
The background to the selection coming from particles which interact outside of the Target

was studied using a special “no Target" run, Run 30654. This run was taken at 28×103 PoT,
and had the Target inserted into and removed from the beam line several times using remote
controlled step motors. The extraction is a slow process and if data taking is not stopped while
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it is ongoing, a significant number of beam particles can hit the Target structure while it is in an
intermediate position. This risks creating additional pile-up if the beam particles hit the Target
support materials and create showers.

The repeated insertion and extraction of the Target resulted in a continuous distribution of
the number of positrons on Target per bunch (NPoT) which was difficult to cut on, as seen
in Figure 6.33. For this reason, it was decided to cut on the number of clusters in the SAC
(NClusSAC), since this number is strongly correlated with Bremsstrahlung, the most frequent
physics process in the Target. This gave a much better net separation between events with and
events without the Target, as shown in Figure 6.34. Given the large number of events in this
sample, purity was valued over retaining more data. Therefore, it was decided to cut away events
with NClusSAC>10, giving the distribution of NPoT seen in Figure 6.35. It can be seen from
Figure 6.35 that applying the cut on the number of clusters in the SAC removes the peak in
NPoT at 28k, implying that the data taken with the Target fully or partially in the beamline
have been removed successfully.
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Figure 6.33: Number of positrons on target per bunch (NPoT) in “No-Target" Run 30654.
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Figure 6.34: Number of clusters in SAC vs number of positrons on target per bunch (NPoT) in
“No-Target" Run 30654.
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Figure 6.35: Number of positrons on target per bunch (NPoT) in “No-Target" Run 30654 after
cutting events with NClusSAC>10.

Since the full data sample used in this analysis was taken at 5k PoT/bunch, the use of a run
taken at 28k PoT/bunch to study the beam background was validated using the Monte Carlo. A
Monte Carlo sample with 5k PoT/bunch was generated and compared to the no-Target Monte
Carlo sample eventually used for the analysis which was taken with a beam multiplicity of 28k
PoT/bunch. As can be seen in Figure 6.36, the two samples showed excellent agreement in the
shape of the distribution of clusters per channel throughout the entire region of interest. This
gave confidence that Run 30654 which had a multiplicity of 28k PoT/bunch could be linearly
scaled to the low intensity conditions ∼ 5k PoT/bunch in Run 30660, used in this analysis.
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Figure 6.36: Veto occupancy in MC samples without target with 5k PoT/bunch multiplicity
(red) and 28k PoT/bunch (blue). The 5k poT/bunch sample is normalised to the integral of
the 28k PoT sample: a factor of 24 for the PVeto and a factor of 25 for the EVeto.

As discussed in Section 6.6, the treatment of the beam background in the full Bhabha scat-
tering analysis normalised the number of events found in the no-Target run to the full run. This
means that how the absolute scale of the beam background sample varies with NPoT/bunch has
no effect on the final background subtraction.

6.5.3 Bremsstrahlung background
With a high flux of particles in both Vetoes, the probability of a positron from Bremsstrahlung

being in time, by chance, with a cluster in the EVeto is not negligible. Although Run 30660,
the run used in this analysis, had a multiplicity of ∼ 5k PoT/bunch, much lower than the
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nominal value of 27–28k PoT/bunch, selecting events which have a cluster in the PVeto and a
cluster in the EVeto in time within 5 ns did not completely reduce the background coming from
Bremsstrahlung. This can be seen in Figure 6.37 which shows the distribution of the difference in
time ∆T (PV eto− SAC) between clusters in the PVeto and clusters in the SAC plotted against
the sum of energies of positrons entering the PVeto and clusters in the SAC, for PVeto clusters
which have already been selected using the Bhabha scattering selection.

Both the time difference between the detectors and the energy of the positron were recon-
structed assuming the positron came from Bremsstrahlung, that is:

• ∆T was corrected for the time of flight of Bremsstrahlung positrons given in Figure 4.21;

• EPos is the energy of the presumed Bremsstrahlung positron, reconstructed as a function
of the channel of impact by the relation found in Section 4.4;

• ESAC is the energy of the SAC cluster under consideration
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Figure 6.37: ∆T (PV eto− SAC) corrected using Bremsstrahlung trajectory vs energy sum
EPos+ ESAC of presumed Bremsstrahlung positrons and SAC clusters, for positrons which
have an in time cluster in the EVeto within 5 ns. The red box shows the “in-time" selection
while the black boxes were used for the “out-of-time" selection.

The distribution shows a clear peak in the region ∆T = 0 and EPos + ESAC = 430 MeV
where Bremsstrahlung events are expected to be found. Selecting the region |∆T (PV eto −
SAC)| < 1 ns and 360 MeV < EPV eto+ESAC < 1000 MeV, outlined in red in Figure 6.37, it can
be seen that the distribution of the channel sum PV etoChID+EV etoChID peaks in the same
region as that considered for the Bhabha scattering signal and would therefore pose a significant
background if not subtracted. This can be seen in Figure 6.38.
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Figure 6.38: Channel sum PV etoChID + EV etoChID for events which satisfy both the
Bhabha time condition and the Bremsstrahlung time and energy conditions.

This selection is affected by beam background, since particles which interact outside of the
Target will cause pileup in all three of the detectors used here. If the beam background to
Bremsstrahlung is not subtracted before the subtraction of the Bremsstrahlung contribution
itself is performed, this component of background will be subtracted twice, resulting in an over-
compensation for the problem. However, when the Target is not in the beamline, the rate of
Bremsstrahlung is very low meaning that the no-Target run is not a good candidate to study
the beam background to the Bremsstrahlung component of the Bhabha selection. Instead, the
time side-bands were used to estimate this background, specifically studying the regions with
360 MeV < EPV eto + ESAC < 1000 MeV and −10 ns < ∆T (PV eto − SAC) < −4 ns and
4 ns < ∆T (PV eto− SAC) < 10 ns respectively, indicated in black in Figure 6.37.

Studying the distribution in channel sum of events which pass this selection, and scaling the
distribution by a factor of 1/6 to compensate for the difference in width of the time-windows
considered, the resulting distribution can be seen in Figure 6.39. It is interesting to observe
here that the peak at around channel 95 in this distribution strongly resembles the Bhabha
signal shape. This suggests that while Bremsstrahlung creates a background to the Bhabha
scattering measurement, Bhabha scattering is also present in the Bremsstrahlung selection. This
reinforces the importance of separating this distribution from the Bremsstrahlung distribution
in order to avoid subtracting signal events from the selection. For this reason, Figure 6.39
was first subtracted from the Bremsstrahlung distribution (Figure 6.38), giving the channel
sum distribution seen in Figure 6.40, before this final “pure Bremsstrahlung" distribution was
subtracted, along with the beam background distribution from the no-Target run, from the
original Bhabha distribution in shown in Figure 6.26.
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Figure 6.39: Channel sum PV etoChID + EV etoChID for events which satisfy both the
Bhabha time condition and have a positron out of time with a SAC cluster. Plot scaled by a
factor of 1/6.
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Figure 6.40: Channel sum PV etoChID + EV etoChID for “pure Bremsstrahlung": events
which satisfy both the Bhabha time condition and the Bremsstrahlung time and energy
conditions, with the background from the Bremsstrahlung time side bands subtracted.

6.6 Background subtraction
As discussed in the previous sections, the final measurement of the number of Bhabha scat-

tering events was taken from the integral of the channel sum in the region PV etoChID +
EV etoChID ≥ 90, after subtracting the backgrounds.

The four distributions used in this analysis are shown in Figure 6.41. Here, all four samples
used in the analysis (Data and MC both with and without Target) have been scaled to the
number of positrons on target (NPoT) in the full Target sample.
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Figure 6.41: Channel sum PV etoChID + EV etoChID for the distribution containing the
signal and the distributions considered in the background subtraction. All samples have been
scaled to NPoT in the full Target Data sample.

The background subtraction is performed in the following way:

• First, the Bremsstrahlung side band distribution (“hSideBandBremData", black crosses in
Figure 6.41) is subtracted from the full Bremsstrahlung distribution (“hBremBkChaSum",
red stars);

• Then, the beam background (“hNoTarChaSum", pink diamonds) and the resulting “pure
Bremsstrahlung" distribution are subtracted from the full data distribution from the full
Target run (“hInTimeChaSum", blue points)

The second step of this process comes with the difficulty that, while the Bremsstrahlung
distributions (red and black) are sub-samples of the full Target distribution and therefore are
automatically normalised to the full Bhabha signal distribution (blue), the beam background
from the no Target run (pink) comes from a data sample which, by definition, has no Target to
act as a luminosity monitor. This means that it is very difficult to know with precision how many
particles there were per bunch for every bunch in this sample. Since the physics trigger used by
PADME is provided by the arrival of the beam, with no information from the target it is difficult
to know whether at any point the LINAC stopped sending bunches to PADME without removing
the trigger. Both of these factors cause significant uncertainties in the number of positrons being
sent to PADME in the no-Target run and therefore exactly what the normalisation constant for
this run should be.

This is obviously not the case in the Monte Carlo, and leads to the background subtraction
being much more efficient in the Monte Carlo than in the data as seen in the distribution in
Figure 6.42, for channel sum < 90.
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Figure 6.42: Channel sum PV etoChID + EV etoChID with background distributions
subtracted after being scaled to the number of PoT considered in each sample in data (blue)
and MC (red).

This led to a more refined strategy for scaling the no Target background distributions which
used the integral of the first 10 bins of the blue and pink distributions in Figure 6.43, where
the blue is the resulting distribution from the pure Bremsstrahlung subtraction of the full blue
distribution in Figure 6.42 and the pink is again the no Target background distribution, however
with no scaling factor applied.
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Figure 6.43: Channel sum PV etoChID + EV etoChID for the Bremsstrahlung-subtracted full
target distribution (blue) and the no target distribution (pink), with no scale factors applied.

This new normalisation strategy relies on the fact that, as seen in Sections 6.1.1 to 6.1.3, the
number of events expected to the left of the peak in channel sum is expected to be essentially
zero. Therefore, once the Bremsstrahlung background component has been subtracted, the beam
background component must be scaled so that it makes the integral of bins to the left of the
peak zero. Here, only the first 10 bins (60 ≤ PV etoChID + EV etoChID ≤ 69) were used to
carry out this process. If the strategy is successful, the other bins between the 10th and the peak
should also go to zero automatically.

Figure 6.44 shows the signal histogram with Bremsstrahlung already subtracted and the
beam background histogram scaled to the integral of the first 10 bins of the signal histogram,
scale constants of 0.20±0.004 and 0.61±0.012 in data and MC respectively. It can be seen
here that in both cases, the left hand side of the distribution is reproduced very well, not
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only in the first 10 bins but also in the following 10 to 15, in values of channel sum between
70 ≤ PV etoChID + EV etoChID ≤79 to 85.
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Figure 6.44: Channel sum PV etoChID + EV etoChID for the Bremsstrahlung-subtracted full
target distribution (blue) and the no target distribution (pink), with no Target run scaled to the
integral of the first 10 bins of the signal histogram (60 ≤ PV etoChID + EV etoChID ≤ 69).

6.7 Results and cross checks
The background subtraction process described in the previous section gives the comparison

between data and MC shown in Figure 6.45.
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Figure 6.45: Channel sum PV etoChID + EV etoChID with background distributions
subtracted after being scaled using integral of left hand sides of distributions.

To evaluate the error on the ratio, each of the four samples used in this analysis was split
into eight and the background subtraction was performed on each of the eight sub-samples. The
ratio between data and Monte Carlo was then calculated for each sub-sample and the standard
deviation was used as the error on the ratio shown at the bottom of Figure 6.45.

It can be seen here that the height of the peak is different in data and MC. This difference
can be seen more clearly in Figure 6.46 which shows the background-subtracted distribution in
data and MC, zoomed to PV etoChID + EV etoChID ≥90.
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Figure 6.46: Channel sum PV etoChID + EV etoChID with background distributions
subtracted, zoomed to PV etoChID + EV etoChID ≥90.

Integrating the signal distributions in the range PV etoChID+EV etoChID ≥90 gives 46,148
Bhabha signals found in the data and 56,934 signals found in the MC when scaled to NPoT in
the data. This gives a ratio of 0.81.

This difference could come from several sources, including:

• too many Bhabha scattering processes being simulated by Geant4 which, as discussed in
Section 2.1, only contains tree-level calculations;

• too many Bhabha scattering processes simulated due to the Target density in the MC being
that of pure diamond, instead of the mix of diamond and graphite used in the data, leading
to a 3% overestimate of the number of electrons in the Target;

• the Bhabha scattering acceptance being artificially high when not conisdering radiative
corrections, as in the case of Geant4;

• NPoT in the data being overestimated, leading to the MC distribution being scaled by a
value of NPoTData/NPoTMC which is too high.

Studying the number of Bremsstrahlung signals being subtracted from the Bhabha acceptance
gives a good indication of the analysis strategy since the two distributions will be affected in
exactly the same way by uncertainties on the NPoT. This means that taking the ratio of these
measurements will result in a comparison which is free from this uncertainty.

The numbers of events of these two processes and the ratio of their rates in data compared
to MC are presented in Table 6.2

Table 6.2: Number of presumed Bhabha events found in Data and MC and number of
presumed Bremsstrahlung events found within Bhabha selection in Data and MC, and ratio of
Data to MC and ratio of Bhabha events to Bremsstrahlung events in Data and MC, and ratio
of these ratios. Errors are statistical.

Data MC Ratio
Bhabha 46,148 ± 354 56,934 ± 402 0.811 ± 0.0082

Bremsstrahlung 60,376 ± 161 77,644 ± 181 0.778 ± 0.0028

Ratio 0.764 ± 0.0062 0.733 ± 0.0054 1.04 ± 0.011

This shows that the while the rates of Bhabha scattering and Bremsstrahlung within the
Bhabha acceptance differ between data and MC by between 20-25%, the relative rates of these
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processes differ only by ∼4% between data and MC. This leads to the inference that the analysis
process is being applied consistently between data and MC, and therefore the difference between
them is due to a problem with normalisation.

6.8 Cross-section calculation
The number of signal candidates observed (NObs) can be transformed into a cross section σ

according to Equation (6.5)

σ =
NObs

NPoT

1

Acc

AC

NAZCρd
× 1036 (6.5)

Where:

• NPoT=1.03188×1010 is the total number of positrons on target acquired in the sample
under study

• Acc, evaluated below, is the experimental acceptance, defined as the number of Bhabha
scattering candidates in the MC sample divided by the total number of Bhabha scattering
events produced

• AC = 12 is the atomic mass of the 12C used in the Target

• NA = 6.022e23 is Avogadro’s number

• ZC = 6 is the atomic number of the 12C used in the Target

• ρ = 3.2 is the effective density of the Target in g/cm3

• d = 0.0097 is the thickness of the Target in cm

• 1036 is a factor which converts between cm2 and pb

Given that the full target MC sample is scaled by 0.99 times to have the same number of
NPoT as the full target data sample, Acc is:

Acc =
56, 934

4.48911× 107 × 0.99
= 0.0013

Applying this equation to the number of signal candidates observed, the final Bhabha cross-
section σ(e+e− → e+e−) measured in PADME Run 2 is:

σ(e+e− → e+e−) = (3.90± 0.030stat ± 0.39sys)× 1011 pb

compared to that found in the Geant4 simulation of

σ(e+e− → e+e−)G4 = (4.078± 0.0288stat)× 1011 pb

The full treatment of the systematic errors is shown in the following section.

6.9 Systematic uncertainties
As discussed in Section 6.4, the uncertainty on NPoT is currently approximately 10%. This

was expected to be the dominant source of systematic error, however other potential sources are
discussed here.

Varying the value of the PV etoChID + EV etoChID above which the integral is calculated
between 84-94, gives a systematic variation on the final measurement of the cross section of order
O(0.1%), lower than the statistical error on the point at PV etoChID+EV etoChID=90, as seen
in Figure 6.47.
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Figure 6.47: Cross section measurement as a function of the minimum value of
PV etoChID + EV etoChID considered in the acceptance in data (blue) and MC (red). The
error bar is the statistical error on the cross section evaluated integrating over
PV etoChID + EV etoChID ≥ 90.

The effect on the final cross-section of the cut in the difference in time ∆T (PV eto−EV eto)
was also studied. Halving this from 5 ns to 2.5 ns implies a higher level of confidence that the
events passing the selection came from the same event at the Target. The resulting distribution
of the channel sum can be seen in Figure 6.48.
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Figure 6.48: PV etoChID + EV etoChID for events with |∆T (PV eto− EV eto)| < 2.5 ns in
data (blue) and MC (red).

Taking the integral of events with PV etoChID + EV etoChID with the more stringent cut
gives a cross section σ(e+e− → e+e−) of:

σ(e+e− → e+e−) = (3.83± 0.028stat ± 0.38sys)× 1011 pb

a difference of 2% compared to the result with the more permissive cut in ∆T (PV eto−EV eto).
It should also be noted that the thickness of the Target is 97 µm on average across its entire

surface, however the surface is only smooth to the level of ∼ 1µm. This produces a systematic
error in the thickness of the Target (d in Equation (6.5)) at the point of impact in this analysis
of O(1%). Moreover, as described in Section 3.2.1, the Target has graphitised strips on both
sides. The exact thickness of these strips is in the range 5-10 µm per side, making 10-20 µm
total. The analysis presented here used the average of this range at 7.5 µm per side, reducing
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the Target density from the density of diamond (3.515 g/cm3) to the average value of 3.2 g/cm3

used in Equation (6.5). The uncertainty on the thickness of the graphite strips translates into a
systematic error on the cross section of 2%.

The last source of systematic error considered here is the true beam energy, which would
produce an uncertainty on the theoretically expected value of the cross section. The beam energy
spread in Run 2 was known with a precision of approximately 1 MeV [89]. For this analysis,
the effect of a 4 MeV difference in beam energy was studied with CalcHEP. From 432 MeV to
436 MeV, the difference in the cross-section is less than 0.5%.

All sources of systematic error are summarised in Table 6.3.

Table 6.3: Systematic errors

Source Percentage error
Stat 0.77 %

NPoT 10 %
∆T (PV eto− EV eto) 2 %

Target density 2 %
Target thickness 1 %

PVetoChID+EVetoChID cut 0.5 %
Beam energy < 0.5%

Combining the systematic errors gives a final systematic error of 10.4%.
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Chapter 7

Dark sector interpretations of
Bhabha scattering

As discussed in Chapter 2, the observed e+e− → e+e− scattering cross-section can be rein-
terpreted as a limit on the parameters of mass and coupling of a potential new massive vector
particle which is produced in e+e− annihilation and decays to e+e−. The work discussed in this
chapter is very preliminary, but it is intended to show the type of limit that might be possible,
if the systematic error on the cross-section is reduced from 10% to around 5%.

As discussed in Chapter 6, the main source of systematic error is the total number of positrons
on Target (NPoT). Since at present this is a problem of the Target reconstruction software, and
since in the conditions where this software has been optimised the error is of order 5%, it is
believed that 5% is a reasonable goal for the conditions of the run used in this analysis as well.

The new physics model studied in this chapter starts from the work done for PADME Run
3 [98]. The model predicts a new vector boson which is produced in resonant e+e− annihilation
and decays to e+e−. Since the centre of mass energy

√
s in Run 3 was ∼ 17 MeV, the Standard

Model kinematic processes available to any new particle would be identical to those available
at

√
s=21 MeV, the case in this analysis of data from PADME Run 2, and the relative cross-

sections of these processes are expected to be very similar. For this reason, it was considered
that the results obtained for PADME Run 3 can be reused for Run 2, changing only the absolute
energy scale. The model maps very well onto the dark photon A′ model, as well as more complex
scenarios involving dark sectors. These scenarios include the protophobic models proposed in
[41], as well as more general leptophilic dark sectors.

As stated in [98], the production rate of a new particle of mass MA′ = 21 MeV produced on
resonance is given by:

NA′ = NPoT
g2V e

2me

NAdρZ

A
f(Eres, E+), (7.1)

where NA′ is the number of new particles expected to be produced, NPoT is the total number
of positrons on Target, gV e is the coupling of the electron to the new boson, NA is Avogradro’s
number, and d, ρ, Z and A are, respectively, the thickness, the density, the atomic number and
the atomic mass of the Target. The function f(Eres, E+) is defined as:

f(Eres, E+) =
1√

2πσE
exp

{ (Eres − E+)
2

2σ2
E

}
where σE is the energy spread of the beam (∼ 1.5 MeV)[89], E+ ∼ 430 MeV is the energy of the
beam positron and Eres is the resonant energy, defined as Eres =

M2
A′

2me
, with MA′ being the mass

of the new particle.
This function assumes that the width of the resonance of the new particle is negligible com-

pared to the energy spread of the beam, since the expected coupling of the new particle is very
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small. For the region in mass and coupling of interest to this measurement, the width of the
resonance Γ is expected to be of order of a fraction of an electronvolt.

In this field it is common to quantify the coupling of the new particle to Standard Model
fermions, gV e, as a fraction of the coupling of the electron to the Standard Model photon. In
this way, gV e can be interpreted as the charge which would be given to the electron under the
new force mediated by the vector boson A′.

At 90% confidence level, if the systematic error is reduced to 5%, the maximum possible
number of events from new physics which end up in the PADME acceptance (NAcc

A′ ) that would
still lead to a result compatible with the number of accepted e+e− events predicted by the
Standard Model (NAcc

ee ) will be given by:

NAcc
A′ ≤ 1.35× 0.05×NAcc

ee

The total number of A′ produced at the experiment N Tot
A′ which gives NAcc

A′ entering the
acceptance is given by:

N Tot
A′ =

NAcc
A′

Acc

where Acc is the acceptance of the A′, assumed to be identical to that of S-Channel Bhabha
scattering as discussed in Chapter 2. For a 1.5 MeV energy spread at PADME Run 2 this gives
the distribution shown in Figure 7.1. From this, the maximum allowable value of the coupling
gve can be obtained from Equation (7.1) assuming that NA′ = N Tot

A′ is the total number of A′

produced.
Assuming no excess with respect to the Standard Model, this gives the expected 90% exclusion

limit on the mass and the coupling shown in Figure 7.2. The solid red line indicates the limit
expected from the analysis on Run 2 data, while the dashed green line shows the expected limit
using the Run 3 setup. This shows clearly the improvements made to the sensitivity by changing
setup.

20.7 20.8 20.9 21 21.1 21.2
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410

to
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A
'

 N

=430 MeV
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Vector boson production at E

Figure 7.1: The maximum number of A′ events N Tot
A′ which can be produced and still give a

cross-section compatible with the Standard Model within 5%, as a function of the mass of the
particle MA′ .
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Figure 7.2: 90% exclusion limit for a vector boson of mass M ′
A and electron coupling gV e which

decays to e+e−, from a measurement of Bhabha scattering in agreement with the Standard
Model within a 5% systematic error (red), or a 0.5% statistical error (green)

This result can be seen in context with other experiments in this range in Figure 7.3.
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Figure 7.3: Current exclusion limits for new vector bosons with mass MA′ and electron
coupling gV e from visible decay measurements. The preliminary result from this work is
indicated by “PADME, Run 2" and shows in red the result assuming a 5% systematic error and
in green the result assuming only a 0.5% statistical error. The expected reach for PADME Run
3 is also indicated in turquoise. The Run 3 result comes from the analysis in [98]

This work must be considered extremely preliminary, but it serves to give an impression of
the type of limit that could potentially be achieved in the Run 2 data at PADME if the 10%
systematic error can be reduced to 5%. It can also be seen how changing experimental strategy in
Run 3 leads to a very marked improvement in predicted reach. The Run 3 strategy is described
briefly in Chapter 8 and in detail in [98].

The final range of parameter space excluded by this measurement will depend on the reduction
in systematic error achieved.
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Chapter 8

Conclusion

This thesis has presented the measurement of the absolute cross-section of Bhabha scattering
σ(e+e− → e+e−) at centre of mass energy

√
s = 21 MeV in PADME Run 2 data. The measure-

ment is obtained as an absolute cross-section value, normalised to the number of positrons on
target. This normalisation is determined independently using ionisation in the PADME target.
The result obtained for the cross-section was:

σ(e+e− → e+e−) = (3.90± 0.030stat ± 0.39sys)× 1011 pb

As far as the author of this thesis is aware, this represents the only measurement of the Bhabha
scattering cross-section at

√
s O(10) MeV since the 1950s [82], as discussed in the literature

review presented in this thesis. All other, more modern measurements found in the review of the
literature were performed at much higher energies and were normalised to small-angle Bhabha
scattering, used as a measurement of luminosity. As such they can’t be considered to be absolute
cross-section measurements.

The measurement presented here is in agreement within errors with the cross-section found
from the Geant4 simulation. No radiative corrections are included in the Geant4 calculation
of the Bhabha scattering cross-section, which could change the calculated value of the cross-
section significantly. However, it is far from trivial to understand how the radiative corrections
will impact the experimental acceptance of Bhabha scattering, and the two effects may cancel.
Moreover, with an error of approximately 10% on the measurement in the data, it is unlikely
that the next-to-leading-order cross-section will be different enough from that at leading order
to create a significant disagreement between experiment and theory.

The main source of systematic error in this analysis, as discussed in Chapter 6, is the number
of positrons impinging on the Target (NPoT). This is partly due to the fact that, since the
current Target reconstruction has not been optimised for this luminosity range, the data-taking
conditions of the Target in the data used in this analysis are unknown. Therefore, in order to
improve this measurement and reduce the systematic error, the Target reconstruction must be
improved. Other sources of systematic error are at least 5 times lower and are either of the same
order or smaller than that on the thickness of the Target, which may be irreducible.

Measuring the ratio of the number of observed events of Bhabha scattering to that of
Bremsstrahlung, this ratio is also in agreement with the Geant4 simulation to within 4%. This
measurement is independent of the systematic error on NPoT, and implies that the analysis
strategy has been sufficiently well reproduced between data and Monte Carlo – crucial for the
measurement of the experimental acceptance of Bhabha scattering. Since the systematic er-
ror on NPoT is the largest source of systematic error in the analysis, the result of the Bh-
abha/Bremsstrahlung ratio supports the hypothesis that if the error on NPoT can be reduced
to ∼5%, the total systematic error on the Bhabha scattering cross section will also be reduced
to this level.

To reduce the systematic errors on the Bhabha scattering cross section, the Target recon-
struction software will need to be optimised for the low luminosity data sample used in the
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analysis. The normalisation of the beam background in the no Target run will also need to be
performed, using the SAC as a luminosity monitor, and the effects of radiative corrections to the
cross section on both the total value of the cross section and to the signal acceptance will have
to be undertaken.

An important implication of this work on dark sector studies at PADME is that, due to the
opening angle of the two Bhabha scattering final state particles, it is very difficult to measure the
cross-section of this process with ∼1% precision using the PADME Vetoes detectors. Without
being able to constrain the invariant mass of the e+e− pair, rejecting incidental pairs of particles
is extremely difficult and therefore the background subtraction processes has to be treated purely
statistically, as in this analysis.

The understanding of this experimental limitation was of fundamental importance to the
experimental setup used in Run 3 which focussed on searching for the hypothetical X17 boson,
proposed as an explanation for the anomalous e+e− spectra seen in the recent ATOMKI experi-
ments [40–45, 98]. Having seen the difficulty of reconstructing the final state without information
on the energy of the two final-state particles, it was decided that Run 3 would not use the Vetoes,
but would have the magnetic field turned off and all particles sent straight down the beamline
to be detected by the calorimeter system.

During Run 3, the collaboration performed a scan over the range of invariant mass of the
X17, as indicated by the ATOMKI experiments. This technique had the advantage of being
independent of the systematic error on the absolute scale of NPoT.

More information about PADME Run 3 can be found in [98, 104]
As discussed in Chapter 7, this work could be interpreted as a limit on the mass and coupling

of a potential new vector boson which decays to e+e−. The final exclusion limit set will depend
on the systematic error, which it is hoped will be reducible to around 5%, and on the precise
value of the next-to-leading order Bhabha scattering cross-section, which is not calculable with
the tools currently at the disposal of the PADME collaboration.
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