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DISSERTATION ABSTRACT

Deion Fellers
Doctor of Philosophy in Physics

Title: A Search for Dark Photons with the FASER Detector at the LHC

The FASER experiment at the LHC is designed to search for light, weakly-
interacting particles produced in proton-proton collisions at the ATLAS interaction
point that travel in the far-forward direction. FASER is sensitive to probing
previously unconstrained dark photon models, which is a theoretical particle that
could provide a portal between the standard model of particle physics and a dark
sector that contains a dark matter particle. This dissertation presents the first results
from a search for dark photons decaying to an electron-positron pair in FASER, using
a dataset corresponding to an integrated luminosity of 27.0fb™! collected at center-
of-mass energy /s = 13.6 TeV in 2022 in LHC Run 3. No events are seen in an
almost background-free analysis, yielding world-leading constraints on dark photons
with couplings € ~ 2 x 107° — 1 x 10™* and masses ~ 17 MeV — 70 MeV.

This dissertation contains previously published as well as unpublished co-

authored materials.
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Particles in the Standard Model of particle physics [1]. . . . . . . . . ..

The observed and expected rotational velocity curves of spiral galaxy
Messier 33 are shown for varying distance from the galactic center. The
predicted velocity curve takes into account both the stellar and gaseous
matter distributions. Adding a cold dark matter halo to the luminous
matter in the galaxy, provides a rotational velocity curve (shown as solid
grey line) that closely matches the observed velocities. The image is from
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visible light and (RIGHT) x-rays. The green lines in both images show
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as measured by the Planck satellite [5]. . . . . . ... ... ... ... ..

The mass range of allowed dark matter candidates is shown. The diagram
is not to scale, and the mass ranges are only approximate. Figure is from

Ref [6]. . . . . . o

The observed upper limits of the spin-independent WIMP-nucleon cross
section are shown in the WIMP phase-space for several different direct-
detection experiments. The blue shaded region depicts the WIMP phase
space that cannot be easily probed as there would be a significant
background of irreducible neutrino scattering events. Figure is from

Ref [7]. . .

The Feynman diagrams of the dark photon production channels relevant
to this analysis are shown, with light neutral meson decays depicted on
the LEFT and dark bremssttrahlung radiation shown on the RIGHT.

The dark photon decay branching ratios are shown for varying dark
photon mass. Plot taken from Ref [8]. . . . . ... ... ... ... ...
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showing the dark photon mass (m,/) and kinetic mixing constant (e)
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that have been excluded from past experiments. The colors of the
shaded regions refer to experiments that utilized a similar A’ production
mechanism where experiments shaded in RED used electron beam
dumps, CYAN used proton beam dumps, GREEN used e+e- colliders,
BLUE used pp collisions, MAGENTA used meson decays, and YELLOW
used electrons on a fixed target. The GREY constraint comes from the
precise measurement of the electron magnetic dipole moment. Figure is

from Ref [9]. . . . . . ..

The dark photon one-loop correction to the electron-photon vertex is
depicted. . . . . . .

The CERN accelerator complex is shown, where both the accelerator
systems and detector locations are depicted. FASER is not shown in this
diagram, as it is a new and relatively small experiment. Figure is from

A cross section of an LHC dipole is shown. Figure is from Ref [11]. . . .

A diagram showing two different orientations of quadrupole magnets, the
resulting magnetic field lines (black arrows), and the direction of the force
(red arrows) applied to a positively charged particle passing through that
area of the quadrupole. Figure is from Ref [12]. . . . . . .. ... .. ..

A schematic showing the location of FASER with respect to the LHC
beam and IP1. More detailed views of the LHC beam are shown in
the BOTTOM LEFT for distances up to 170 m from the IP, and in the
BOTTOM RIGHT for the area around FASER at ~480 m. The beam
collision axis line-of-sight is shown as a dashed red line. . . .. ... ..

The production rates of 7° from the LHC IP, obtained via EPOS-LHC [13],
are shown as a function of the meson’s angle with respect to the beam
axis (f,) and momentum (p,). The angular acceptances for FASER and
FASER2 (a proposed future detector) are indicated by the vertical gray
dashed lines. Figure is from Ref [14] . . . . . .. ... .. ... ... ..

Top left: The acceptance for dark photons to decay inside the FASER
decay volume. Top right: The fraction of dark photons decaying inside
the FASER decay volume that have energy greater than 500 GeV.
Bottom: The expected number of dark photon events in FASER for
27.0 fb™' of data, assuming a 50% signal efficiency, on top of the
requirement that the A’ energy is greater than 500 GeV. . . . . . . . ..
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FASER’s expected sensitivity, with liuminosities ranging from 1 to 3000
fb~!, is shown as yellow-shaded areas in the dark photon’s parameter
space. The gray-shaded regions are excluded by past experiments, and
the projected future sensitivities of other experiments are shown as
colored contours. . . . . . . ...

A depiction of the FASER detector, where each color represents a
different sub-detector system. The coordinate system used for FASER
is also shown in the bottom left, where the particles coming from the
ATLAS TP are travelling in the +2 direction through FASER. . . . . . .

A cross section of a cylindrical dipole magnet in FASER. The arrows
indicate the direction of the magnetic field in each of the permanent
magnetic blocks. Note that the final orientation of the inner magnetic
field is in the —2z direction, which would correspond with the vertical
direction in this figure. . . . . . . ... Lo

The FEMM [15] simulated 2D magnetic field distribution is shown in a
quadrant of the dipole magnet. Note that for this figure, the & direction
is vertical and the ¢ direction is horizontal. . . . . . . .. ... ... ..

The magnetic field components, measured with the Hall probe method,
are shown against z while at the center of one of the 1 m long dipole
magnets. ..o oL oL e e

A photograph of a SCT barrel module inside an aluminum test-box.

A photograph of a tracker plane, where 8 SCT modules are installed in
an aluminum frame. . . . . . . ... Lo

A tracker station in depicted as an expanded CAD view on the LEFT,
and as a photograph of the final assembly on the RIGHT. . . . . . . ..

The number of hits on track, per mm?, is shown across the transverse area
of the most upstream tracking station. Both the vertical gaps between
the sensors of a module and the staggered horizontal gaps between the
modules can be seen. Less hits on track are seen for positions with
r>100 mm because that region is where the magnetic material lies, which
scatters tracks and complicates the track reconstruction. . . . . . . . ..

A picture of the metrology scans being performed on a tracker plane.

Comparisons of the reconstructed track residuals are shown for tracks
reconstructed from data in an unaligned geometry (red), data in an
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o.1.

0.2

2.3.

aligned geometry (black), and from MC simulation with an ideal
geometry (orange). In the TOP, the track residual distributions are
shown when combining the residuals from all tracker modules. The
distributions are normalized to the same number of entries and fit with
a Gaussian. The BOTTOM plot shows the means of the track residual
distributions for each tracker module. For both plots, the data used has
an integrated luminosity of 596 pb~! and only the tracks with momentum
greater than 300 GeV and the number of clusters greater than 14 are

The VetoNu (TOP-LEFT), Veto (TOP-RIGHT), Timing/Trigger
(BOTTOM-LEFT), and Pre-Shower (BOTTOM-RIGHT) scintillator

stations are shown. . . . . . . . .. L

A picture of the FASER calorimeter is shown, where four LHCb outer
ECal modules are placed 2x2, and the PMTs are comig out of the back
of the calorimeter. . . . . . . . . .. ... ...

The calorimeter module design is depicted. . . . . . . . ... ... ...
The calorimeter PMT assembly is shown. . . . .. ... ... ... ...

A diagram depicting the FASER TDAQ architecture. Each component
is represented by a colorful box and the connections between the
components are shown with arrows. The numbers in parentheses indicate
the number of channels. The figure is from Ref [16]. . . . . ... .. ..

The recorded trigger rates for each of the four FASER TLB triggers are
shown during LHC Fill 8143 on August 19, 2022. The triggers are further
described in Sec. 4.4.2. The structure and decay in rate over time closely
follows the LHC luminosity at IP1. . . . . . .. . ... ... .. ... ..

The cumulative luminosity versus time delivered to (yellow) and recorded
by FASER (blue) during stable beams are shown. . . . . . .. ... ...

The luminosity-normalized detector response is shown for all 64 runs
used in this analysis. The total number of reconstructed tracks, as well
as the number of positively or negatively curved tracks, are shown in the
TOP plot; whereas the BOTTOM plot shows the total number of events
with energy in the calorimeter that is greater than that of a 100 GeV
electromagnetic shower. . . . . . . . . ... L

The dark photon samples generated for this analysis are shown as red
dots in the phase space of the A’ mass and coupling (€). The yellow
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6.1.

7.1.

7.2.

8.1.

8.2.

8.3.

regions show the expected sensitivity of FASER for varying amounts of
delivered luminosity. Regions previously excluded by other experiments
are shown in grey, and regions that could be excluded in the future by
other experiments are shown as colorful dotted lines. . . . . .. ... ..

The reconstructed event display of a muon traversing FASER. The event
(run 8336, eventID 1477982) occurred on August 23, 2022 and is in time
with a collision event. The measured track momentum is 21.9 GeV.
The waveforms are shown for signals in the scintillator and calorimeter
modules, and are fit using a Crystal Ball function. All PMT waveforms
are consistent with a muon passing through the scintillators and one of
the calorimeter modules. The detected hits in the semiconductor tracker
modules are shown with blue lines and the reconstructed track is shown
with a red line. In the title of the waveform plots, left and right is defined
facing the downstream direction. . . . . . . . .. ... ... ... ....

A sketch presenting a side view of the FASER detector, showing the
different detector systems as well as the signature of a dark photon (A’)
decaying to an electron-positron pair inside the decay volume. The white
blobs depict where measurements are taken for the A’ signal and the
solid red lines represent the reconstructed tracks produced by the ete™

The maximum reconstructed charge from the timing station scintillators
for data, and MC A’ simulated signal. The data is dominated by single
muon events. The minimum required charge of 70 pC is shown as a
dashed line. . . . . . . . ..

Example plots of the charge distribution for events with good fiducial
tracks for the most downstream VetoNu scintillator (left) and the most
upstream Veto scintillator (right). The efficiency is calculated as the ratio
of the number of events with charge above the 40 pC threshold (indicated
on the figures) to the total number of events. . . . . . . ... ... ...

The calorimeter energy in simulated neutrino events passing all signal
selection requirements, besides that on the calorimeter energy. GENIE
is used to simulate the neutrino interactions. The figure is scaled to a
luminosity of 27.0 fb=. . . . ...

The calorimeter energy distributions are shown for different track
requirements in both the (left) cosmic ray control sample and the (right)
beam-1 background control sample. . . . . . . ... ..o
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9.1.

9.2.

9.3.

9.4.

10.1.

10.2.

The energy spectrum of dark photons in FASER produced with meson
production modeled by different generators (EPOS-LHC, QGSJET II-04
and SIBYLL 2.3d). Also shown is production from bremsstrahlung with
a factor of two variation in the pt cut off. The bottom panel shows the
ratio between the different estimates, and the parameterisation of the
uncertainty as a function of energy. A representative signal model (with
m4 =50 MeV and e=3 x 107°) isshown. . . ... ... ... .. ... ..

(LEFT) The E/P vs. Invariant Mass distribution is shown for the two
lowest momentum tracks in three-track events found in data. Requiring
an E/P > 0.5 is shown to select photon conversion event candidates,
whose invariant mass is zero, apart from most other three-track events
that have a non-zero invariant mass. (RIGHT) The ratio of the signal in
the downstream vs upstream preshower layer is shown for both photon
conversion event candidates (black) and other three track events (red)
in data, where a preshower ratio cut of > 2 is used to efficiently select
3-track events in data that have an E/P > 0.5. . . .. ... ... .. ..

(LEFT) The E/P distributions are shown for three-track photon
conversion events in both data (black) and Fluka MC simulation (red)
for a track momentum range of 75-175 GeV. (RIGHT) The Gaussian-
fitted peak position of the E/p in data and MC simulation is shown for
several different momentum ranges: 20 GeV < p < 35 GeV, 35 GeV <
p < 75 GeV, 75 GeV < p < 125 GeV, 125 GeV < p < 175 GeV. For all
ranges measured, the E/P peak in both data and MC agree within the
conservative 6% uncertainty (blue dashed line) used for the calorimeter
energy calibration. . . . . . .. ... Lo

(Top) The two-track reconstruction efficiency versus track separation for
overlaid tracks in both data and MC events are shown. The distribution
of the separation in eTe™ tracks of an A’ sample is also shown in red
with the axis on the right-hand side. (Bottom) The ratio of the overlay
tracking efficiencies between MC and data is depicted. . . . . . . . . ..

The calorimeter energy distribution for data and three representative MC
simulated signal models are shown for (a) all events with at least one good
track, (b) events that have no signal in the veto stations and at least one
good track, and (c) events that have no signal in the veto stations and
exactly two good fiducial tracks. The distributions and expected events
from the MC samples are scaled to 27.0 fb=1. . . . . . . ... ... ...

90% confidence level exclusion contours in the dark photon parameter
space are shown. Regions excluded by previous experiments are shown
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A3.
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A,

AL6.

AT
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in grey (see main text for details). The red line shows the region of
parameter space that yields the correct dark matter relic density, with
the assumptions discussed in the text. . . . . . . ... .. ... ... ..

A typical example of a PMT raw waveform signal coming from the
digitizer. . . . . ..

The distribution of ADC values in a given waveform are shown. We fit
the distribution around the most common value to obtain the baseline
and baseline rms values. . . . . . . . ...

Both figures show a typical waveform after baseline subtraction,
inversion, and selection of the reconstruction window. You can see that
the reconstruction window differs depending on which sub-detector is
being reconstructed, where the (TOP) plot is for a Trigger scintillator
and has a reconstruction window from 780 - 900 ns and the (BOTTOM)
plot is for a preshower scintillator and has a reconstruction window from
800 -920ms. . . . . .. e

Crystal Ball fits in blue are shown atop data points in red for a regular
waveform pulse (TOP) and a saturated waveform pulse (BOTTOM).

The timing resolution of the first preshower layer is shown against the
constant-fraction threshold used to measure the timing, as described in
the text. The other scintillator and calorimeter channels have a similar
shape, and thus a 40% constant-fraction threshold was chosen to measure
the pulse time as it minimizes the timing resolution. The signals used to
do this measurement were from muons in TI12 collision data. . . . . . .

The mean reconstructed waveform baseline is plotted per FASER run
used in the dark photon analysis. The baseline measurements are shown
for each calorimeter and scintillator module, and are all normalized to
the first run (8725). . . . . . ...

The mean reconstructed waveform baseline rms is plotted per FASER
run used in the dark photon analysis. The rms measurements are shown
for each calorimeter (TOP) and scintillator (BOTTOM) module, and are
all normalized to the first run (8725). . . . .. ... ... ... ... ..

The mean reconstructed waveform time is plotted per FASER run used
in the dark photon analysis. The time measurements are shown for each
calorimeter and scintillator module, and are all normalized to the first
run (8725). . . ..
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A9.

A10.

A1l

A12.

A.13.

A14.

B.1.

B.2.

B.3.

The ratios of the fitted and raw measurements of the waveform peak
(TOP) and integral (BOTTOM) are shown for the preshower and
calorimeter modules. The entire 2022 data-set was used, where the ratio
was calculated for each waveform that had a good fit. Each distribution
is normalized such that the sum of it’s bins is equal to one. . . . . . . .

The digitized MC waveforms of the second preshower layer are shown for
varying initial electron energies. . . . . . . . . .. ...

A saturated MC digitized waveform for the Trigger/Timing layer is

Comparisons of the average normalized PMT waveforms are shown
between FASER physics data and a digitized MC muon sample for a
calorimeter module (LEFT) and a preshower layer (RIGHT). . . . . ..

Comparisons of the reconstructed waveform baseline RMS are shown
between FASER physics data and a digitized MC muon sample for a
calorimeter module (LEFT) and a preshower layer (RIGHT). . . .. ..

Comparisons of the reconstructed PMT charge distributions are shown
between FASER physics data and a digitized MC muon sample for a
calorimeter module (TOP) and a preshower layer (BOTTOM). . . . ..

A diagram of test-beam setup, where the beam-line is coming in from
the left. . . . . . .

A photo of test-beam setup in the H2 beam line. During operation, the
detector apparatus would be raised such that it is at the same height as
the beam-line. . . . . . . .. ...

The above plots show the calorimeter channel-0 MIP charge distributions
(TOP) and the charge vs position (BOTTOM) for three different track
position cuts. The cuts are depicted by the black rectangle in the bottom
scatter plots. The distribution above each scatter plot corresponds to
the charge distribution using that cut. The bright yellow spot in the
bottom plots depict the area where the MIP goes through the PMT and
prooduces a larger signal. The data is from FASER runs 8715 and 8717,
where the calorimeter is at high gain and has the light filters installed.
The charge distributions are fit with a Landau+Gaussian convolution
function, described in the text, over the whole histogram range (Red) and
also over -0.5 to +1.0 standard deviations around the MPV (Blue). . . .
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B.4.

B.5.

B.6.

B.7.

B.8.

B.9.

B.10.

The results are shown for comparing the original MPV of a toy model with
the MPV from two different fits. The toy model is a landau distribution
with a MPV = 1.45 pC and width = 0.27 pC, that is then smeared
by a Gaussian of varying width. The simple landau fit shows the bias
in the MPV due to the Gaussian noise, whereas the landau+Gaussian
convolution fit described in the text allows us to measure the MPV of
the original Landau distribution regardless of the noise. . . . . . .. ..

The above four plots show the MIP distributions used for the calibration
of each TI12 calorimeter module. The data is from FASER runs 8715
and 8717, where the calorimeter is at high gain and has the light filters
installed. The distributions are fit with a Landau+Gaussian convolution
function over the whole histogram range (Red) and also over -0.5 to +1.0
standard deviations around the MPV (Blue). The Gaussian width used
in the fit function was measured . . . . . . .. ..o

PMT HV gain curves, described in the text, are shown for the four PMT’s
used in the TI12 Calorimeter. The HV gain curves were measured with
a 75 GeV electron beam (Green) and an LED signal (Red) during the
2021 test-beam period. The data points show the mean PMT charge
measurement vs PMT HV and the curves show a 5-degree polynomial fit
of thedata. . . . . . . . ..

The initial test-beam energy (E7p) divided by the average MIP-
normalized signal size N1Z, in calorimeter module 0 is shown across
electron beam energies ranging from 5 to 300 GeV. The dashed blue line
shows the 0.33 GeV value used in the simple estimate of Egp. . . . . . .

The normalized calibrated energies for the 2021 test-beam data and MC
are shown. Each color of the dots represents the calibrated energy at
one of the six calorimeter modules in the test-beam setup, whereas the
squares with the line represent the corrected MC calibrated energy. . . .

The mean calorimeter PMT charge from LED pulses are shown
normalized to the first measurement and spanning a two month period.
The trend of each PMT response seems to vary in unison with the
other calorimeter modules, depicting the LED intensity changing with
temperature. The spread of the PMT responses over time depicts the
PMT drift, which is < 1% over this time period. . . . .. .. ... ...

This figure depicts the extrapolation done on the test-beam data and MC
calibrated energies to estimate the difference at 500 GeV. The average
data points were obtained from averaging the calibrated energy of each of
the six test-beam calorimeter modules. The MC calibrated energies here
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B.11.

C.1.

C.2.

C.3.

D.1.

include the 8.8% correction factor used to make the MC and data agree
at an EM energy of 100 GeV. Both data and MC were linearly fit using
the range from 50 to 150 GeV, then this fit was used to extrapolate the
calibrated energies to 500 GeV, resulting in an approximated difference
of 2.46% at 500 GeV. . . . . ...

The above plots depict the difference in test-beam MC with regards
to lateral shower development and loss out the edges of a calorimeter
module that is centered at X=0 and Y=20 mm. The top plots show the
normalized calorimeter responses in both data (Blue) and MC (Green)
for 30 GeV electrons traversing the edge of a calorimeter module in X
(Left) and Y (Right). The edge in X is adjacent to another calorimeter
module that is not being read out, whereas the edge in Y is accompanied
by just air. The bottom plots show the % difference in the data and MC
vs position. The dashed red line shows the position approximately 20 mm
from the edge. The positions are obtained from linearly. extrapolating
the track segment in the test-beam tracking station to the face of the
calorimeter. For the scan across X (left plots) we restrict the Y position
to be within -10 and 0 mm, and for the scan across Y (right plots), we
restrict the X position to be between 20 and 30 mm. . . . . .. ... ..

The reconstructed momentum of the delta-ray candidate track is shown
for both data and the Fluka MC sample described in Chapter V. To
normalize the two distributions, both were scaled by the inverse of their
total number of entries. . . . ... ...

The reconstructed track multiplicity in the delta-ray control sample
described in the text is shown. The distributions for both data and
MC are shown on the TOP. The ratio of MC to data is shown on the
BOTTTOM plot, where the MC was scaled to match the total number
of candidate delta ray events indata. . . . . . .. ... .. ... ... ..

The separation between the two reconstructed tracks at the first tracking
stations, in the delta-ray sample in data and MC simulation. The MC
was scaled to match the total number of candidate delta ray events in

90% confidence level exclusion contours in the B — L gauge boson
parameter space are shown. Regions excluded by previous experiments
are shown in grey. . . . . . . . ...
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CHAPTER I

INTRODUCTION

This dissertation incorporates and expands upon the article titled “Search for
Dark Photons with the FASER Detector at the LHC”, which was published in volume
848 of Physics Letters B in January of 2024 [17]. I am a co-author and lead editor for
the article; which was made possible by the entire FASER collaboration, consisting
of 93 members from 26 institutions and 10 countries.

The existence of dark matter is strong evidence for new particles beyond the
standard model (BSM) of particle physics. Yet, with decades of experimental effort
trying to detect dark matter, all that has been learned is what dark matter is not.
Expanding the scope of the search, experiments have been increasingly trying to
detect other BSM particles that may not account for dark matter, but could still
interact with it. These particles are referred to as “portal particles” and could be
part of an entire complex dark sector of BSM particles. Detecting portal particles
may give us new insights into the particle nature of dark matter, which is of great
interest in both particle physics and astrophysics [18, 19].

The dark photon is a theoretical BSM particle that arises from a simple extension
to the standard model and could be a portal particle. Certain models of the dark
photon and dark matter particle are cosmologically favored due to their ability to
explain the observed dark matter abundance through the common freeze-out method.
Apart from it’s relative simplicity and ability to explain cosmological observations,
the dark photon is a prominent BSM particle because it often provides visible

signatures that can be experimentally probed.
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FASER is an experiment that is designed to search for light and weakly-
interacting particles, including certain dark photon models, that are produced in
the far-forward direction from proton-proton collisions at the Large Hadron Collider
(LHC). The detector is positioned 480 m downstream of the proton-proton collisions
and aligned with the beam collision axis, where particles must traverse strong LHC
magnets and approximately 100 m of rock and concrete before reaching FASER. The
novel location of the experiment provides both a low background environment and a
high-intensity flux of long-lived particles that allow FASER, a relatively simple and
small experiment, to probe previously unconstrained models of the dark photon.

This dissertation will present FASER’s search for dark photons using a dataset
corresponding to an integrated luminosity of 27.0fb~* that was collected at a center-
of-mass energy of /s = 13.6 TeV in 2022 during LHC Run 3. T will first briefly
introduce the theory of the standard model, dark matter, and dark photons in
Chapter II. T will then give an overview of the LHC and discuss the potential
of searching for dark photons with FASER in Chapter III. Chapter IV gives a
description of the FASER detector. Next, the data and simulation samples used
in this analysis are presented in Chapter V. The event reconstruction and signal
selection are then discussed in Chapters VI and VII, respectively. Chapter VIII
presents the backgrounds that could mimic the dark photon signal in FASER. The
uncertainties in the dark photon signal yield are then estimated in Chapter IX.
Finally, the results of the analysis are presented in Chapter X, and the conclusions

in Chapter XI.
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CHAPTER II

THEORETICAL OVERVIEW

The theoretical motivation behind searching for a dark photon is presented in
this chapter. To start, a brief overview of the Standard Model of particle physics
is provided in Sec. 2.1. Dark matter, which can not be described by the Standard
Model but is supported by numerous cosmological observations, is then discussed
in Sec. 2.2. Finally, an overview of the basic theory of the dark photon, which can
provide a portal between the Standard Model and a dark sector that contains a dark

matter particle, is introduced in Sec. 2.3.

2.1 THE STANDARD MODEL

Building upon special relativity and quantum mechanics, the Standard Model
(SM) of particle physics is a quantum field theory describing all known fundamental
particles and forces in our universe.

In this section, I will give a brief overview of the phenomenology of the SM, its
mathematical description through the Lagrangian, and its success in agreeing with

what is observed in nature.

2.1.1 SM Phenomenology

A diagram depicting the particles in the SM can be seen in Fig. 2.1. Not shown
in the diagram is that all electrically charged particles have a corresponding anti-
particle that is identical except for having the opposite electric charge. For example,
the electron has a charge of -1 and it’s anti-particle is the positron, which has a
charge of +1 whilst having the same exact mass and spin of the electron.
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FIGURE 2.1. Particles in the Standard Model of particle physics [1].

All particles are either a fermion or a boson, which have half-integer and integer
spin respectively. Fermions obey Fermi-Dirac statistics and the Pauli Exclusion
Principle, which states that no identical fermions can occupy the same quantum
state. Bosons, on the other hand, are exempt from this principle and can coexist
with other identical bosons in the same quantum state.

quarks, generally refereed to as the matter particles, are fermions; whereas the force-

carrying particles and the Higgs are all bosons.

Leptons have three generations of electron-like particles and their associated
neutrinos, including the electron, muon, and tau flavors. Although the muon and
tau are just heavier versions of the electron, this also means that they are unstable

particles, unlike the electron, and quickly decay to lighter particles via the weak force.
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On the other hand, all neutrinos are stable and do not decay, but rather oscillate
between one another as they travel through space, because every neutrino is actually
a superposition of all three neutrino flavors. Being both stable and nearly massless
means that neutrinos are abundant throughout the universe, yet they only interact
with other SM particles via the weak force, which occurs extremely rarely.

Quarks are the building blocks of protons, neutrons, and many other composite
particles, called hadrons. There are six quark flavors: the up, down, charm, strange,
top, and bottom quarks. The up-like quarks (up, charm, and top) all have an electric
charge of +2/3 and the down-like quarks (down, strange, and bottom) all have an
electric charge of -1/3. In addition to electric charge, each quark also has any one
of three color charges: red, green, or blue. Anti-quarks, which have opposite electric
charge, also have opposite color charge: anti-red, anti-green, or anti-blue. When
forming hadrons, color confinement demands that the quarks must combine to be
color neutral; which means that a color and anti-color pair of quarks canceled each
other’s color, or there is a triplet of quarks and all three colors are present. The pairs
of quark and anti-quark are referred to as mesons and the quark triplets are referred
to as baryons. An example of a meson is a pion and is formed from anti-quark and

O = wi or dd, 7~ = du, and 77

quark pairs of the up and down quarks, where 7
= ud. The most common baryons are the proton and neutron, which are formed
from triplets of the up and down quarks that combine as uud to form a proton and
udd to form a neutron, where the electric charges of the quarks add up to make
the proton have an electirc charge of +1 and the neutron to be electrically neutral.
Thus, along with the electron, the up and down quark form all of the atoms in the

entire universe. The other quarks can also combine to form numerous other hadrons,

but these are more rare due to their larger masses and shorter lifetimes. In addition
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to the valence quarks in hadrons, which govern the quantum numbers and thus the
characteristics of the hadron, there is also a sea of virtual quark and anti-quark pairs
that are constantly being produced from, and annihilating into, the gluons that bind
the valence quarks together.

There are four known fundamental forces that govern the universe. The
electromagnetic force, weak nuclear force, and strong nuclear force are all described
by the vector bosons in the SM, who have spin = 1. The fourth fundamental force
is that due to gravity, which is not included in the SM, but rather best explained by
Einstein’s theory of general relativity.

The electromagnetic force is mediated by the photon, a massless and stable boson
that interacts with all electrically charged particles. The photon is ubiquitous in our
universe and responsible for all things that have to do with electricity and magnetism.
Virtual photons can be thought of as constantly shuttling electromagnetic forces
between charged particles, and thus govern all atomic/molecular/chemical forces
and reactions in nature. In addition, photons that are coherent quantum states of
the electromagnetic field are the quanta of light.

Gluons are the mediator of the strong nuclear force, which holds together the
quarks in hadrons and also binds the protons and neutrons in atomic nuclei. Similar
to how the virtual photon can be thought of as shuttling electromagnetic forces
between electrically charged particles, the gluon implements the strong force between
color-charged quarks. There are actually eight different gluons, each attributed to
different combinations of color and anti-color charges of the quarks. The strong force
is unique in that it has a linear effective potential that leads to the gluon energy
increasing along with the separation distance between color-charged quarks. Thus,

at separation distances of >~ 1 fm, it becomes energetically favorable to pull quarks
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out of the sea of virtual quarks and bind with them rather than to continue separating
the individual valence quarks. This phenomenon is called color confinement and is
why isolated individual quarks have never been observed.

The weak nuclear force is responsible for the radioactive decay of atoms and is
mediated by the massive W* and Z bosons. The W+ and W~ bosons are electrically
charged and allow both quarks and leptons to change flavors. For example, beta
decay is the process where a neutron decays into a proton, and is mediated by the
W™ boson which allows an up quark to become a down quark.

The Higgs boson [20] is unique in that it’s field gives the other fundamental
particles their masses. This is accomplished through the scalar Higgs field having
a non-zero vacuum expectation value, which spontaneously breaks the electroweak
symmetry and results in the massive weak gauge bosons (W= and Z) and the massless
electromagnetic photon [21].  Through Yukawa interactions, the fundamental
fermions also get their mass from the Higgs field. Although the Higgs boson gives
the fundamental particles their mass, the vast majority of mass in atomic matter
actually comes from the binding energy of the strong force on the quarks in both the

proton and neutron.

2.1.2 The SM Lagrangian

Mathematically, the SM is described via quantum field theory, where each
particle is an excitation of a quantum field that permeates all of space. The local
gauge symmetries SU(3)c x SU(2), x U(1)y define the SM; where the SU(3)¢
symmetry corresponds to the strong nuclear force, while the SU(2), x U(1l)y
symmetries correspond to the electroweak force which is spontaneously broken by

the Higgs mechanism in order to generate the seemingly separate weak nuclear and
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electromagnetic forces. The probability amplitudes for how the quantum fields of
these forces and the SM fermions interact and move through spacetime is calculated
by integrating the action S over all possible paths D and field configurations
O(x) [21]:

/D@(SB) et S1e@)/h (2.1)

where A is Planck’s constant divided by 27, x is the space-time four-vector, and the
action is just the space-time integral of the Lagrangian density: S = [ £d*z. Thus
the Lagrangian density, defined as the kinetic energy of a system minus the potential
energy per unit volume V: £ = (KFE — PE)/V, is all that is needed to completely
define the SM.

The SM Lagrangian is very complex, but for the purpose of this analysis, only a
rough and simple overview will be given.

When using natural units and assuming a (+,-,-,-) metric, the SM Lagrangian [21]

can be compactly written as:

1 v
£ . —ZFM FIU/
FD(i D) + hec.
(i7" Dy) (2.2

+ D, 2" = V()

The first line of Eq. (2.2) corresponds to the kinetic energy of the force carriers,
and the F*F),, term can be expressed in terms of the individual strong force and

electroweak field strength tensors as:

FMF,, = B"B,, + WHWi, +G#Ge, (2.3)

29



where B, %%

.v» and G, are the field strength tensors respectively corresponding to

the U(1)y, SU(2)r, and SU(3)¢ gauge invariance. The W}i,, field strength tensor has
three gauge fields, each accounted for with i = {1,2,3}. Similarly, G}, represents
the strong force and has eight gluons, as discussed in Sec. 2.1.1, with each accounted
for by a = {1,2,...,8}.

To further understand a field strength tensor, which is important for the theory
of the dark photon, as discussed in Sec. 2.3, let us observe the electromagnetic
field strength tensor F,* in terms of the electric (E) and magnetic (B) field vector

components:

[

As you can see, the field strength tensor describes the components of the fields in
spacetime, and FPMr EPM — 2(B* — E?) gives a Lorentz invariant term that is
proportional to the total energies of the electric and magnetic fields.

As for the second line of the SM Lagrangian in Eq. (2.2), “¢(iv*D,)¢ + h.c.”
describes both the kinetic energy of the fermions (¢/) and how they interact with the
force carrying particles. The covariant derivative D,, is defined as:

DM = 8M - _g/YBu - EgTE,W,i - Egs)\aGZ (25)

2
with (¢',9,g9s) the coupling strength constants, (Y,7¢,A\%) the generators, and
(By, W, G%.) the gauge boson fields of the U(1)y, SU(2)r, and SU(3)¢ symmetries
respectively.
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Finally, the last two lines of Eq. (2.2) describe how the Higgs boson (P)
contributes to the SM. The “i;y;;14;®+h.c.” term governs how the fermions couple to
the Higgs field through the Yukawa coupling matricies y;;, and thus also determines
the masses of the fermions. Whereas the “|/D,®[*” term shows how the Higgs couples
to the force-carrying particles through the covariant derivative, described in Eq. (2.5).
Lastly, the Higgs potential “V(®)” encompasses the self interactions of the Higgs and

the vacuum expectation value.

2.1.8  Success of the SM

Upon inputting the experimentally measured values of the 19 free parameters [22]
in the SM (including the fermion and Higgs masses, gauge coupling constants, Higgs
vacuum expectation value, etc...), the SM can then be used to predict the behavior
of particles as observed in nature, and has been experimentally proven time and time
again. Arguably one of the more impressive tests of the SM is the measurement of the
electron’s magnetic dipole moment, which agrees with the SM prediction to within
1 part per 100 billion [23]. The SM has also predicted several particles before their
discovery. The most recent of which, the Higgs boson, was discovered in 2012 [24, 25]
after nearly 50 years from being proposed by Peter Higgs in 1964 [20].

As incredibly successful as the SM is, it is still believed to be incomplete as it

fails to explain numerous experimental observations, such as dark matter.

2.2 DARK MATTER

There is strong cosmological evidence for gravitational sources that cannot be
described by the SM nor Einstein’s general theory of relativity. This unknown source

of gravity is called dark matter. Making up 26.4% of the energy density and 84.4%
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of the total mass in the universe [7], the mystery of dark matter has been of prime
interest to scientists for many decades [26].

In this section, I will give an overview of the phenomenology of dark matter. Some
of the main cosmological observations that point to the existence of dark matter are
described in Sec. 2.2.1. Afterwards, an overview of the most popular attempts at

describing dark matter are briefly discussed in Sec. 2.2.2.

2.2.1 PFwvidence of Dark Matter

There are numerous cosmological observations [7] that point to the existence
of cold (non-relativistic) dark matter which does not interact with the SM
electromagnetic force. Some of the more convincing observations are that of galaxy
rotation curves, the bullet cluster, and the cosmic microwave background, which will

all be discussed here.

Galaxy Rotation Curves:

The rotational velocities of galaxies have been measured to be much faster than
expected when just taking into account the gravitational forces from visible matter.
For example, in a nearby galaxy called Messier 33, the rotational velocities about
the galactic center of both starlight and hydrogen gas were measured [3], and shown
in Fig. 2.2. When compared to the expected rotational velocity of the galaxy, which
takes into account both the stellar and gaseous matter distributions, the measured
rotational velocities are significantly larger, especially far from the center of the
galaxy. Instead of the rotational velocities decreasing at distances outside the stellar
ring of the galaxy, as expected, the observed rotational velocities continue to increase.

The discrepancies between the observed and expected rotational velocity curves can
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be remedied through the addition of a cold dark matter halo that dominates the

luminous matter of the galaxy and whose density decreases radially as R~'3 [3].
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FIGURE 2.2. The observed and expected rotational velocity curves of spiral galaxy
Messier 33 are shown for varying distance from the galactic center. The predicted
velocity curve takes into account both the stellar and gaseous matter distributions.
Adding a cold dark matter halo to the luminous matter in the galaxy, provides a
rotational velocity curve (shown as solid grey line) that closely matches the observed
velocities. The image is from Ref [2] and uses the data from Ref [3].

Bullet Cluster:

The Bullet Cluster is a galaxy cluster merger consisting of two sub-clusters that
have undergone a high-speed collision and whose gravitational centers do not coincide
with those expected from the visible baryonic matter [4]. Within each galaxy sub-
cluster, there are hundreds-to-thousands of galaxies and also an immense amount of
hot ionized gas, known as plasma. Upon collision of the two sub-clusters, it is seen
that the stellar components of the clusters pass right through one another, whereas

the plasma clouds collide and trail behind the stellar components of the clusters.
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This is depicted in Fig. 2.3, where the left plot shows the stellar components as
observed through visible light, and the right plot shows the locations of the plasma
clouds, which emit x-ray radiation. With the mass of the plasma clouds estimated
to be greater than the total stellar mass in the galaxy clusters, one would expect
the strongest gravitational effects to be centered on the plasma clouds. Yet, upon
mapping the contours of the gravitational lensing, the gravitational forces are shown
to not coincide with the plasma, but with the matter that did not interact in the
collision of the clusters. With the luminous matter being too small to account for
this effect, non-interacting dark matter, which constitutes the majority of the mass

in the cluster, is needed to explain the observations of the Bullet Cluster.
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FIGURE 2.3. Images of the Bullet Cluster 1E 0657-558 are shown for both
(LEFT) visible light and (RIGHT) x-rays. The green lines in both images show
the gravitational lensing contours. The white bar indicates a distance of 200 kpc at
the location of the cluster. [4]

Cosmic Microwave Background:

The Cosmic Microwave Background (CMB) provides a snapshot of the early
universe, which shows that dark matter had a large impact on the structure of
the universe. Just a fraction of a second after the Big Bang, an isotropic plasma

forms where protons, electrons, and photons are sloshing around under extreme

34



temperatures and pressures that do not allow the particles to bind together. At the
same time, the gravitational wells from dark matter increase the local density of
the plasma. Upon falling into the gravity wells, the plasma experiences a restoring
force from the photon pressure, causing the plasma fluid to oscillate with sound
waves at all length scales. As time goes on, the universe is expanding due to Dark
Energy and the plasma slowly cools. After ~400,000 years, the plasma cools down
to a temperature of ~3000 K, allowing the protons to bind with electrons and create
electrically neutral hydrogen and helium atoms. At this instant of recombination, the
universe became transparent to photons, which have since been able to travel through
space largely undisturbed for billions of years. The photon frequencies emitted from
the CMB follow a black-body spectrum, where the intensity of the light is directly
related to the temperature of the plasma upon recombination. Thus, detecting these
CMB photons from all directions provides us with a map of the plasma temperature

distributions in the early universe, as seen in Fig. 2.4 through the Planck satellite [5].

—-300 kK 300

FIGURE 24. Map of the temperature differences in the Cosmic Microwave
Background as measured by the Planck satellite [5].
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Measuring the size and relative frequencies of the temperature anisotropies in
the CMB tells us the scales of structure formation in the early universe, which is
directly dependent upon the energy densities of baryonic matter, dark matter, and
dark energy. Thus, the CMB can tell us a lot about the universe; but with respect
to dark matter, the total mass of the universe has to be composed of ~ 85% dark

matter in order to explain the structure formations observed in the CMB [27] [7].

2.2.2 Dark Matter Models

Many theoretical models have been proposed to try and explain dark matter.
Today, the leading paradigm of dark matter is that of BSM particles, where there
is a plethora of single particle and dark sector theories that can explain all of the
cosmological dark matter observations discussed in Sec. 2.2.1.

The only requirements a BSM particle model needs in order to be a candidate

for dark matter is that it:
— has a lifetime that is longer than the age of the universe,
— has a non-zero mass such that it interacts gravitationally,
— is non-relativistic (cold) in order to congregate and form large structures,

— and does not significantly interact electromagnetically so as to not absorb or

emit light.

Dark matter may be composed of a single particle or of more than one kind of
particle, and the dark matter particles may interact only through gravity or also
through additional forces. Dark matter therefore motivates a rich variety of ideas

for BSM particles.
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The allowed dark matter models span a vast parameter space, where similar
models can be largely grouped by their dark matter mass range, as shown in Fig. 2.5.
For an in-depth review of these different categories of candidate dark matter models,

see Ref [6].
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FIGURE 2.5. The mass range of allowed dark matter candidates is shown. The
diagram is not to scale, and the mass ranges are only approximate. Figure is from

Ref [6].

With so many possible dark matter models, one has to make assumptions of the
properties of dark matter in order to justify looking for one particular model over
another. One such common assumption is that the abundance of dark matter was
set upon freezing out of the thermal bath of the early universe, which is the same
mechanism that determined the abundance of many SM particles. Constraints can
be set on the mass range and self-annihilation cross sections of dark matter particles
needed for a freeze-out mechanism to produce both the large structure size and
abundance of dark matter seen today.

Historically, the category of BSM particles that received the most attention as
a candidate for dark matter was that of the Weakly Interacting Massive Particles
(WIMPs). The popularity of the WIMP is attributed to the coincidence that the
freeze-out constrained mass range and self-annihilation cross section of dark matter

are at the electroweak-scale [28], which is the same scale that many other theoretically
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motivated BSM particles exist. For example, the theory of Supersymmetry (SUSY)
postulates that for every SM particle, there is a symmetric BSM partner particle
that only differs by having opposite fermi/boson spin-statistics. A big motivation
for SUSY particles is that they provide a solution to the hierarchy problem, where
instead of needing fine-tuning, the quadratically divergent corrections to the Higgs
Boson mass, that come from quantum loop diagrams of virtual particles, can be
cancelled out by the quantum loop corrections from the SUSY partner particles [29].
The lightest SUSY particle, the neutralino, turns out to be at the electroweak mass
scale, electrically neutral, stable, and weakly interacting; making it a prime WIMP
candidate for dark matter. The fact that well motivated theoretical particles, like
the neutralino, also fit the characteristics of the WIMP was dubbed the “WIMP
Miracle” and caused a flurry of experimental efforts. From indirect detection in
particle colliders or astrophysical systems, to direct detection via scattering with
atomic nuclei in a detector, scientists have been searching for WIMP signatures for
decades. Yet, no signatures have been found [7]. For example, in direct-detection
experiments, a large swath of possible WIMP masses and WIMP-nucleon interaction
cross sections have been ruled out, as shown in Fig. 2.6. Where, even with more
sensitive future detectors, only 1 to 2 orders of magnitude in the WIMP-nucleon cross
section can be probed before the detectors are sensitive to an irreducible background
of neutrino scattering events that will mask the WIMP signal. Although WIMPs
are not entirely ruled out, they have seen decades of thorough experimental efforts
produce null results, and thus more attention is now being focused elsewhere, such
as on dark sector models.

Dark sector models with light dark matter, whose mass is in the keV to GeV

range, can also satisfy the freeze-out constrained mass range and self-annihilation
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FIGURE 2.6. The observed upper limits of the spin-independent WIMP-nucleon
cross section are shown in the WIMP phase-space for several different direct-detection
experiments. The blue shaded region depicts the WIMP phase space that cannot
be easily probed as there would be a significant background of irreducible neutrino
scattering events. Figure is from Ref [7].

cross section of dark matter when there is an additional BSM particle that mediates
the interactions between dark matter and the SM [6]. Instead of assuming that
there is a single BSM particle that is responsible for dark matter, dark sector models
expand the scope of the search by allowing for any number of dark particles and
force carriers to exist. Thus, even if the dark matter particle is truly invisible and
does not directly interact with the SM in any way, other dark sector particles could.
If these detectable dark sector particles exist, they would provide a portal between
the SM and dark sector, allowing for indirect insight into the particle nature of dark

matter. One of the leading candidates for a dark sector portal particle is that of the

dark photon, which will be described in the following section.
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2.3 DARK PHOTON

Just as the SM photon is ubiquitous in our universe, one might suspect that a
dark sector has it’s own photon; where the dark photon is the communicator of a
dark charge instead of the SM electric charge.

The theory behind the dark photon is discussed in Sec. 2.3.1, followed by a
depiction of the relevant dark photon production and decay channels for this analysis
in Sec. 2.3.2, and finally a brief overview of the constrained parameter space of the

dark photon is discussed in Sec. 2.3.3.

2.3.1 Basic Theory

The dark photon extension to the SM is accomplished by adding a U(1)p gauge
field to the SM SU(3)c x SU(2) x U(1)y fields discussed in Sec. 2.1.2. The resulting
renormalisable kinetic mixing interaction between the SM and the U(1)p field takes
the form F* FD where F,, and F, are the field strength tensors of the SM U(1)y
field and the dark sector U(1)p field, respectively. As a result of this interaction,
the dark gauge boson mixes with the SM gauge boson, leading to a new particle, the
dark photon A’ [30].

To further portray the theory behind the dark photon, let us begin with the full
kinetic contribution to the Lagrangian from the two U(1)y and U(1)p gauge bosons:

1 1 €

Lkm - __F{/WFY;W - _FgVFD,uV - 9

4 4 F#VFD;W (26)

Where € is defined as the kinetic mixing coupling constant. The field strength tensors
can be expanded in terms of the gauge boson field A, as F),, = 0,A, — 0, A,,, where

0, denotes the partial derivative with respect to the spacetime coordinate x*.
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In order to have two independent fields that do not mix, one can rotate the AZ

and A gauge fields with the following general redefinition [31]:

AP L _ 0 cost) —sinf A
w| 2 1 @2.7)
AZ \/I’—fj 1 sinf  cosb A,

such that Eq. (2.6) is now diagonalized in terms of the A}, and A, boson fields, which
represent the dark photon and SM photon (after electroweak symmetry breaking)
respectively. The orthogonal rotation defined by 6 is determined upon requiring that
the SM photon is massless and the dark photon is massive [31]; in which case 6 = 0,

and Eq. (2.7) becomes:

AP < ol &
| | vime 1 (2.8)
Y —€

AL Vi—e Ay

The dark photon’s mass can be generated either through spontaneous symmetry
breaking with a dark Higgs or through the Stueckelberg mechanism [32], where the
Stueckelberg mechanism can be described as an extreme limit of the Higgs mechanism
with the Higgs mass going to infinity and decoupling from the action while the
vacuum expectation value remains finite. Although the dark photon can be either
massless or massive, only the massive model is discussed here, as it is the focus of
this dissertation.

Now, assuming that the original Al’f and Aﬁ) gauge fields only couple to the SM
particles or to the dark sector particles, respectively, the interactions can be written
as the following:

Lo = eJ'AY + ¢ J1AD (2.9)
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Where the four-current J* = > / f*f defines the interactions with all SM fermions
(f) of charge e, and similarly J* defines the interactions with all dark fermions of
dark charge €’. Substituting the gauge field redefinitions (Eq. (2.8)) into Eq. (2.9),

the interaction Lagrangian becomes:

—ee e

JH +

‘Cin:
0= 1 —¢€? V1 —e?

TMAL 4 et A, (2.10)

It is now easy to see that the SM photon A, couples only to the SM current J*,

whereas the dark photon AL interacts with both the SM and dark currents. The

SM-to-A’ portal term: \/%J“AL can be further simplified in the limit that the
kinetic mixing coupling is small (e < 1), becoming —eeJ* A,
Finally, including the kinetic energy of the massive dark photon, with mass

mas, the interactions between the SM and the dark photon are defined through

the Lagrangian terms:
1 _
Lo omaA® —ced A fuf (2.11)
f

where the sum is over all SM fermions f with SM electric charge ¢;. Thus, the dark
photon can interact with the SM both gravitationaly and through the kinetic mixing
with the SM photon to SM fermion and anti-fermion pairs. Although, the kinetic
mixing must be weak, with coupling ¢ < 1, or we would have already detected the
dark photon’s affects on the SM by now.

Being a weakly interacting massive particle, the dark photon could be a candidate
for dark matter itself, but direct detection experiments have already ruled out
the thermally generated dark photon parameter space that could account for the

abundance of dark matter [33].
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On the other hand, the dark photon could still provide a portal to the dark
sector and may couple to the dark matter particle y. In this analysis, it is assumed
that 2m. < ma < 2m, such that the dark photon decays visibly to SM particles.
Thermal freeze-out is then determined by the processes yy < A’ <+ ff. For light
masses ma ~ MeV — GeV and loop-induced or otherwise suppressed couplings € ~
107% — 1073, the dark matter particle’s thermal relic density is in the right range to
be a significant fraction of cosmological dark matter [34, 35, 36]. These values of m 4/
and € are therefore cosmologically favoured and provide a well-defined thermal relic
target in the dark photon parameter space for experimental searches.

This study presents the results of a search for dark photons in this cosmologically
favoured parameter space using the FASER detector at the LHC, both of which will

be discussed in Chapter III.

2.3.2  Production and Decay

Kinetic mixing between the SM photon and dark photon potentially allows for
numerous dark photon production and decay channels, where m 4 governs which
channels are kinematically-allowed. For production, a dark photon can come from
any off-shell SM photon whose energy is greater than m /. Similarly, a dark photon
can decay via an off-shell SM photon to any fermion anti-fermion pairs whose total
mass is less than m . Although there can be many channels for the dark photon to
interact with the SM, they rarely (if ever) occur as both it’s production and decay
are proportional to €2, where € < 1.

Only the relevant dark photon production and decay channels for this analysis

are discussed further.
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At the LHC, with only light and highly boosted dark photons produced in the far
forward direction of proton-proton collisions reaching FASER, this analysis is only
sensitive to dark photons with masses ~ 10 — 100 MeV, as described in Sec. 3.2.

For FASER, the dominant sources of dark photon production are SM neutral

meson decay and dark bremsstrahlung:

O — A’~y: This mode is accessible for my < mgo ~

— Neutral pion decay m
135 MeV. The branching fraction is B(n? — A'y) = 2¢*(1—m?,/m2,)*B(7" —
vvy) where B(m% — vv) ~ 0.99 [37].

— Eta meson decay n — A’y: This mode is open for ma < m, =~ 548 MeV.
The branching fraction is B(n — A'y) = 2¢*(1 — m3,/m;)*B(n — ) where
B(n — ) ~ 0.39 [37].

— Dark bremsstrahlung pp — ppA’: In this process, a dark photon is emitted via

initial or final state radiation from colliding protons in a coherent way. This

mode is open for dark photon masses up to O(2 GeV) [38].

These processes are depicted in Fig. 2.7. Neutral pion decay is typically the leading
signal contribution, but 1 decay can be comparable for m4 ~ 100 MeV, and dark
bremsstrahlung can be comparable near the boundary of FASER'’s sensitivity [38].
Other production mechanisms include the decays of heavier mesons (such as n’ or
w) and direct Drell-Yan production g — A’, but these are subdominant and are
neglected.

As for the SM decay of the dark photon, there are possibly numerous channels
available, as seen in Fig. 2.8. Yet, because FASER is only sensitive to m ~ 10 —
100 MeV, which is 2m. < ma < 2m, ~ 211 MeV, then dark photons decay to

electron-positron pairs with B(A" — eTe™) = 100%.

44



— ~
J(-J Jr./
r')f __-—____?—.——.F:{:—'h————
e p / p
0/ - — - — & Y
2 0
“\\ p - L p
\-~\'.\
A[

FIGURE 2.7. The Feynman diagrams of the dark photon production channels
relevant to this analysis are shown, with light neutral meson decays depicted on
the LEFT and dark bremssttrahlung radiation shown on the RIGHT.
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FIGURE 2.8. The dark photon decay branching ratios are shown for varying dark
photon mass. Plot taken from Ref [8].

2.3.8  Previously Constrained Parameter Space

Numerous experiments have already searched for, and did not find, a massive
dark photon, resulting in regions of the dark photon parameter space (m/, €) being
ruled out. The constrained dark photon parameter space is depicted in Fig. 2.9, which

also shows which experiments utilized similar A’ production mechanisms. Even more
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generally, the previous experiments can be largely grouped into three categories via

their similarities in constraining the dark photon parameter space:
1. the electron magnetic dipole moment measurement,
2. experiments searching for prompt or invisible dark photon decays,
3. and experiments searching for visible decays of long-lived dark photons.

The remainder of this section will only broadly discuss these three categories of
experiments that constrain the dark photon parameter space; for references to all of
the experiments depicted in Fig. 2.9, and for a brief summary of the dark photon

production and decay channels that each experiment used, see Appendix C of Ref [9].
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FIGURE 2.9. The dark photon parameter space is depicted with shaded regions
showing the dark photon mass (mu/) and kinetic mixing constant (¢) that have
been excluded from past experiments. The colors of the shaded regions refer to
experiments that utilized a similar A’ production mechanism where experiments
shaded in RED used electron beam dumps, CYAN used proton beam dumps, GREEN
used e+e- colliders, BLUE used pp collisions, MAGENTA used meson decays, and
YELLOW used electrons on a fixed target. The GREY constraint comes from the
precise measurement of the electron magnetic dipole moment. Figure is from Ref [9].
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One way to probe the parameter space of the dark photon is via the measurement
of the electron magnetic dipole moment. The existence of the dark photon would

affect the electron magnetic dipole moment through a one-loop correction to the

electron-photon vertex, as shown in Fig. 2.10, whose affect scales with Wfi [39]. Yet,
Al

because the measurement of the electron magnetic dipole moment agrees so well with
the SM [23], constraints on the dark photon parameter space can be made [39] that

result in the exclusion of the grey region in Fig. 2.9.

Y
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FIGURE 2.10. The dark photon one-loop correction to the electron-photon vertex
is depicted.

Another way to probe the parameter space of the dark photon is to perform bump
hunts in the invariant mass spectra (or missing mass spectra) from prompt visible (or
invisible) dark photon decays, such that the signal can be distinguished apart from
numerous SM backgrounds that are also present at the production point. Prompt
decay searches have mostly been performed with experiments that are sensitive to
detecting particles coming directly from ete™ collisions, proton-proton collisions,
meson decays, and electron-nucleon interactions; which constrain the green, blue,
magenta, and yellow shaded regions of the dark photon parameter space in Fig. 2.9,
respectively. For constructing the invariant mass spectra from prompt visible dark
photon decays, the reconstruction of the decay products from A" — ete™, u™p~, and

77~ have been used. Whereas, to construct the missing mass spectra, a process
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such as ete™ — A’y and A’ — invisible is used, where the initial state is known and
the visible final state particles can all be detected. The sensitivity of these prompt
decay searches to the mass of the dark photon is largely constrained via the signal
reconstruction efficiency, background intensity, and/or kinematic suppression of A’
production; which all strongly depend upon mys, but not €. Thus, the constrained
dark photon parameter space from a prompt decay search is typically rectangular in
shape and reaches towards decreasing €, where the rate of dark photon production
and decay both scale with €.

The experiments searching for visible decays from long-lived dark photons have
thus far mostly searched for the A" — ete™ signal and utilized beam-dump /fixed-
target production of dark photons, which constrain the red and cyan regions
in Fig. 2.9. These experiments require the dark photon to decay within a finite
volume that is some distance (L) away from the point of production. Assuming that
Ea > ma > me, then the decay length (d) of a dark photon is proportional to

Ey

=4 [14]. Thus, the dark photon parameters that these experiments are sensitive
A/

to is largely determined by d being similar to L such that a significant portion of the
dark photons decay inside the sensitive region of the detector. For example, as you
increase both € and m 4 such that d < L, then the vast majority of dark photons
decay before they reach the detector; similarly, as you decrease both ¢ and m 4 such
that d > L, then the vast majority of dark photons decay after the detector. This
sensitivity to the dark photon decay length, combined with both the production and
decay of dark photons scaling with €2, largely describes the shape of the constrained
parameter space from these long-lived dark photon searches.

There are also experiments that utilize proton-proton colliders, instead of beam-

dumps/fixed-targets, to generate and search for visible decays from long-lived dark
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photons. For example, LHCb found sensitivity to long-lived dark photons using a
displaced-vertex signature from A" — pu~ and excluded a small region [40] around
€ ~ 107% and ma ~ 250 MeV, as seen in Fig. 2.9. LHCb’s sensitivity for long-lived
dark photons is expected to greatly expand in the future with improved statistics and
the inclusion of a displaced-vertex signature of A’ — e*e~ from rare charm meson
decays [41]: D*® — DYA’. FASER also utilizes proton-proton collisions at the LHC
to search for long-lived dark photons, but does so in a similar way to the beam-
dump /fixed-target experiments. The expected dark photon sensitivity of FASER

will be discussed in detail in the following chapter.
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CHAPTER III

THE LHC AND DARK PHOTONS AT FASER

The LHC is a circular particle accelerator with a circumference of 27 km, that
collides protons together head-on at 99.9999991% the speed of light [42]. With center-
of-mass energies of 13.6 TeV, the interactions between the two colliding protons are
energetic enough to produce even the heaviest fundamental SM particles. The quarks
and gluons that make up the proton are what are fundamentally interacting in these
collisions; and since the quarks interact with all force-carrying particles, as discussed
in Sec. 2.1, then every fundamental SM particle can be produced in the collisions at
the LHC. Thus, if BSM particles, like the dark photon, interact with the SM and
are not too heavy, they will be produced in the LHC collisions as well. Discovering
dark photons at the LHC is then only a question of how rarely are they produced
and can they be detected amongst a plethora of SM particle signatures. FASER
is a new experiment at the LHC that looks for dark photons travelling in the far-
forward direction of LHC pp collisions; where FASER'’s distant location provides a
relatively quiet environment and sensitivity to long-lived dark photons with masses
and couplings that were previously unconstrained.

In this chapter, first the LHC is described in more detail in Sec. 3.1, and then
the potential for detecting dark photons with the FASER experiment is presented

in Sec. 3.2.

3.1 THE LARGE HADRON COLLIDER

The LHC, located 100 m underground at CERN and straddling the border of

Switzerland and France, is the world’s largest and most powerful particle collider.
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Having already gone through two prior multi-year periods of operation, the LHC is
currently in it’s third operational period (Run-3), where the protons are accelerated
to center-of-mass energies of /s = 13.6 TeV before colliding. Prior to being
accelerated to these energies in the LHC, the protons first pass through a series

of other systems in the CERN accelerator complex, depicted in Fig. 3.1.

............................
Neutrino |
Platform 1

2013 [
:
i

LHC

TT42

SPS

. AWAKE
2016 |
HiRadMat
TT66
Az MEDICIS
AD
ISOLDE
[
" REX/HIE- i East Area

o ‘ ISOLDE

'
:
: :
2001/2015 H /i—C :
: :
}

4:«1\\ PS
N 2/ N 950 25 - [ !
II\J“}(' 4
CLEAR
LINAC 3 LEIR . 2017

lons 2005 (78 m)

FIGURE 3.1. The CERN accelerator complex is shown, where both the accelerator
systems and detector locations are depicted. FASER is not shown in this diagram,
as it is a new and relatively small experiment. Figure is from Ref [10].

At the start of the LHC injection chain, Hy molecules from a bottle of Hydrogen
gas pass through a plasma and strong electric field that strips the electrons away
and produces Ht (protons), which are then made to interact with a metal cathode
to pick up two electrons and become H~ ions [43]. These ions are then pulsed into
the first accelerator stage, a linear accelerator called LINAC-4, where they reach
energies of 160 MeV. The energetic H~ ions are then shot through a thin carbon

foil, where the electrons are stripped away to leave just protons. From there, the
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protons are accelerated to 2 GeV in the Proton Synchrotron Booster (PSB), then to
energies ranging from 14 to 26 GeV in the Proton Synchrotron (PS), and finally up
to energies of 450 GeV in the Super Proton Synchrotron (SPS) before entering the
LHC as two beams travelling in opposite directions around the 27 km ring [44].

At all accelerator stages up to and including the LHC, radio frequency (RF)
cavities and superconducting magnets produce electromagnetic fields that accelerate
and guide the beams of protons, whose reactions to the fields are governed by the

relativistic Lorentz force:

—Q(E+ U X é) (31)

where q and ¢ are the charge and velocity of the proton respectively, E is the electric
field, and B is the magnetic field. As you can see, electric fields can apply a force
aligned with the protons velocity, whereas magnetic fields can only apply a force
perpendicular with the velocity. Thus, strong electric fields generated in the RF
cavities are used to speed up the protons, whereas the magnets are used to steer and
focus them.

The basic design concept of an RF cavity is that of a metallic chamber that
has a strong resonant electric field oscillating inside of it. This oscillating electric
field can be thought of as positive and negative charges congregating on opposite
sides of the RF cavity, which then swap sides in a sinusoidal fashion. When timed
right, the RF cavity will have a negative charge on it’s upstream side as a proton
approaches it, such that the proton feels an attractive force downstream. Then,
as the proton enters the RF cavity, the charges in the RF cavity swap sides such

that the proton feels a positive charge pushing it from behind and a negative charge
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pulling it from the front. Finally, when the proton leaves the RF cavity, the charges
must oscillate again such that there is a positive charge on the downstream side of
the cavity, pushing the proton from behind. The result of a carefully timed string
of RF cavities is an acceleration of the proton beam while also congregating the
protons into bunches that are spaced out in time by the inverse of the RF cavity
oscillating frequency. The RF cavities at the LHC operate at 400 MHz such that
there are 2.5 ns long buckets where proton bunches could exist. Yet, by convention
a maximum of one out of ten buckets are ever filled, resulting in a bunch spacing
of 25 ns and a maximum of 3564 bunches per beam, but not all bunches are filled
and only 2808 filled bunches circulate the LHC. There are 16 RF cavities total in
the LHC, 8 for each beam, which have their oscillating electric fields driven by high-
power klystrons [45] and are cooled to superconducting temperatures that result in
a maximum voltage of 2 MV per RF cavity. Simplistically, this would mean that
16 MeV of energy is imparted into the protons for each lap they make around the
LHC, and it would only take ~35 seconds to accelerate the LHC beams from their
injection energies of 450 GeV to their desired energies of 6.8 TeV, as the protons
complete 11,245 laps around the LHC per second. Yet in reality, and in part due
to the protons not always experiencing the maximum voltage of the RF cavities, it
takes about 20 minutes to actually ramp the LHC beams to full power [46].
Superconducting dipole electromagnets are used to incrementally bend the beams
around the LHC. The 1,232 dipole magnets in the LHC are each 15 meters long and
account for the majority of the length of the LHC. Each LHC dipole magnet actually
consists of two nearby dipole magnetic fields, one for each beam, which are both
housed in a single structure as shown in Fig. 3.2. Superconducting coils are placed

on both sides of the beam pipe and produce a uniform magnetic field of 8.3 T.
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FIGURE 3.2. A cross section of an LHC dipole is shown. Figure is from Ref [11].

The last main component of the LHC is that of the superconducting quadrupole
electromagnets, which focus the protons into tighter bunches. There are 392
quadrupole magnets, each 5-7 meters long, in the LHC. With a design very similar
to the LHC dipole magnet, the quadrupole utilizes superconducting coils positioned
around each quadrant of the beam-pipe such that the direction of current through
the coils can be configured to produce two north poles on opposing corners and
two south poles on the other opposing corners. The two quadrupole configurations
and their effects on a proton passing through them are shown in Fig. 3.3. As you
can see, a proton bunch will get squeezed either horizontally or vertically by a
quadrupole magnet. Thus, having two successive quadrupole magnets with different
configurations, allows for a proton bunch to get squeezed in both directions. This is

important for not only routinely fighting the repulsive forces between the protons in
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a bunch, but also for increasing the number of proton-proton collisions by focusing
the transverse size of the bunch down by a factor of 10 right before the interaction

point.

FIGURE 3.3. A diagram showing two different orientations of quadrupole magnets,
the resulting magnetic field lines (black arrows), and the direction of the force (red
arrows) applied to a positively charged particle passing through that area of the
quadrupole. Figure is from Ref [12].

Measuring the integrated luminosity (L), which represents the total number of
proton-proton collisions at an interaction point, is crucial for every analysis as it
relates the number of events produced (IN) with the cross section (o) of a given
interaction, where N = oL. The cross section of a given particle interaction is a
measure of how likely the interaction is to occur and can be calculated from the
quantum field theory. The units of the cross section are that of area and are often

2

expressed in barns (b), where 1 b = 1072 m? and thus L is expressed as inverse-

barns such that N is unit-less. The instantaneous luminosity per colliding bunch
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(Lp) can be calculated from the beam parameters:

_ Jning

[, — 2=
DTS S

(3.2)

where f is the frequency that the bunches collide, n; and ns are the numbers of
protons in the two colliding bunches, and >, and >, are the convolved beam sizes
in the horizontal and vertical directions. These beam parameters can be measured
by scanning the colliding beams across one another in both the transverse x and y
directions, which is performed at low luminosities in a van der Meer (vdM) scan
and provide the absolute luminosity scale. Measuring the activity of numerous
detectors, each with different and complementary sources of systematic uncertainties,
is necessary to accurately extrapolate the absolute luminosity scale from the low
luminosity conditions of the vdM scans to the high-luminosities seen in regular
physics data-taking. At the LHC interaction point 1 (IP1), where FASER gets
it’s proton-proton collisions from, sub-detectors in ATLAS are used to measure the
luminosity and the methodology is discussed in Ref. [47].

There are nine experiments studying the particles emitted in the LHC collisions.
The four main experiments (ATLAS, CMS, LHCb, and ALICE) each have their
own designated interaction point in the LHC, while the five smaller experiments
(TOTEM, LHCf, MoEDAL-MAPP, SNDQLHC, and FASER) are positioned nearby
the main experiments in order to study particles that the main experiments are not

sensitive to.
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3.2 DARK PHOTONS AT FASER

FASER, which first saw data in 2022, is one of the newest experiments at the LHC
and is designed to search for light, weakly-interacting, long-lived particles, including
dark photons [14, 38, 48].

The FASER detector is located in the TI12 tunnel, which served as a transfer
line connecting the Super Proton Synchotron (SPS) to the Large Electron-Positron
(LEP) collider but has since been decommissioned, approximately 480 m from the
ATLAS interaction point (IP1) along the beam collision axis line-of-sight (LOS),
as shown in Fig. 3.4. However, due to the crossing angle in IP1, the LOS is offset
vertically by 6.5 cm with respect to the centre of the detector, which is properly
accounted for in the simulation. In order for particles coming from the IP to get to

FASER, they will have to invisibly pass through:

— the “D1” dipole magnet, which bends the LHC beam and is strong enough to

deflect even the most energetic of charged particles coming from the IP,

— the TAN absorber [49], which is ~ 30 Tons of copper, steel, and marble that
is designed to absorb the flux of forward neutral particles that could otherwise

interact in downstream superconducting magnets and cause them to quench,

— and ~100 m of rock and concrete that is between the main LHC beam-line

tunnel and the TI12 tunnel.

Thus, only weakly-interacting, long-lived particles travelling in the far-forward
direction will make it to FASER.
If dark photons are light and weakly (or feebly) interacting, they are long-

lived and can be produced in large numbers in the proton-proton collisions at the
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FIGURE 3.4. A schematic showing the location of FASER with respect to the LHC
beam and IP1. More detailed views of the LHC beam are shown in the BOTTOM
LEFT for distances up to 170 m from the IP, and in the BOTTOM RIGHT for the
area around FASER at ~480 m. The beam collision axis line-of-sight is shown as a
dashed red line.

LHC [50]. As discussed in Sec. 2.3.2, the dominant source of dark photons in FASER
is from neutral pion decay (7 — A’y). Using the EPOS-LHC [13] Monte Carlo event
generator, the energy and angle distributions of 7° production from the IP can be
simulated, as shown in Fig. 3.5. As you can see, there is an immense amount of highly
energetic neutral pions produced in the far-forward direction, where the forward
107%% of solid angle sees ~ 1% of all pions with E > 10 GeV. With 300 fb~! of data,
~ 10' pions are predicted to be produced in the far-forward direction, towards
FASER [38]. The decay products of these far-forward, ~TeV energy, pions will also
be highly collimated, as the angle between the decay products can be approximated
by 0 =~ pr/E ~ myo/TeV ~ 10~* radians and thus will only spread out ~1 cm after
100 m of travel. This process produces a high-intensity and collimated beam of dark
photons in the far-forward direction along the beamline. Thus, with a dark photon
kinetic mixing of € ~ 10~%, there could be as many as 10® dark photons produced in

the direction of FASER [38], assuming 300 fb~! of data.
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FIGURE 3.5. The production rates of 7° from the LHC IP, obtained via
EPOS-LHC [13], are shown as a function of the meson’s angle with respect to the beam
axis (0,) and momentum (p,). The angular acceptances for FASER and FASER2 (a
proposed future detector) are indicated by the vertical gray dashed lines. Figure is
from Ref [14]

Once produced, dark photons then may invisibly travel a macroscopic distance
before decaying, leading to a striking signal of high-energy eTe™ particles far from
the IP.

Apart from the rare neutrino event, the only other SM LLP expected to reach
FASER is the muon, which must be generated from particle interactions in material
after the D1 magnet, or else the muon would have been swept away by the dipole

magnet. Measurements of the muon flux at a location similar to FASER, but on the

opposite side of the IP, were performed in Run-2 of the LHC with a pilot emulsion
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detector, resulting in ~ 1.9 x 10 muons per fb~tem? [51] and agreed with estimates
from detailed FLUKA [52, 53] simulations. With 27 fb~! of data in this analysis,
and the sensitive area in FASER being about ~300 c¢m? large, we roughly expect
~ 1.5 x 10® muon events traversing FASER. Although a large flux of muons is
expected in FASER, they are not expected to mimic the striking dark photon signal.
FASER is therefore well suited to search for light and weakly-interacting dark photons
in a very low background environment.

FASER’s dark photon sensitivity is largely determined by its location, where if the
dark photon decay length is too short or too far compared to the distance to FASER,
then the ratio of dark photons decaying in the FASER volume will be too small to
detect. The probability that a dark photon produced at the IP with momentum p

and angle 6, with respect to the beam axis, will decay within the FASER detector is

P(p,0) = (e =8/ _ e~ L/INQ(R — L x tand), (3.3)

where d is the exponential decay length of the dark photon, © is the Heaviside step
function, and the decay volume in FASER (as described in Sec. 4.1.1) is cylindrical
with radius R = 10 cm, a length A = 1.5 m, and is a distance of L ~ 480 m from
the IP. For Ex > ma > m,, the decay length of a dark photon with lifetime 7

travelling at speed = v/c is [14]

4
€ TeV (3.4)

m™mar

107°7% [ Ea ] [100 MeV]?
dzcﬁ77%(80m)[ ] [ A}[ e} .
Thus, with the simulated dark photon p and 6 distributions at the IP, the geometrical
likelihood that a given dark photon model will decay inside FASER, can be calculated,

as shown in the top left plot of Fig. 3.6.
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A rigorous estimate of FASER’s sensitivity in the dark photon parameter space

can be calculated by combining the following:
— the simulated distribution and number of forward-going 7° from the IP,

— the likelihoods of A’ production and decay, which both scale as €? and are

discussed in Sec. 2.3.2,
— the geometrical likelihood of A’ decaying in FASER,
— the likelihood of E4 > 500 GeV (shown in the top right plot of Fig. 3.6),

% a cut applied to separate the dark photon signal apart from the SM LLPs

(muons and neutrinos) that also make it to FASER
— and assume a 50% signal efficiency in addition to the 500 GeV cut.

The resulting numbers of expected A’ events in FASER, scaled to a luminosity of 27.0
fb~1, are shown across the A’ phase space in the bottom plot of Fig. 3.6. As you can
see, FASER can expect to be sensitive to detecting dark photon models in a region
extending out to € ~ 107° and my ~ 100 MeV. In overlaying this A’ sensitivity
region of FASER with the regions previously excluded by past experiments, as
depicted in Fig. 3.7, it is shown that FASER is expected to be sensitive to dark

photons with masses and couplings that were previously unconstrained.
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FIGURE 3.6. Top left: The acceptance for dark photons to decay inside the FASER
decay volume. Top right: The fraction of dark photons decaying inside the FASER
decay volume that have energy greater than 500 GeV. Bottom: The expected number
of dark photon events in FASER for 27.0 fb™' of data, assuming a 50% signal
efficiency, on top of the requirement that the A" energy is greater than 500 GeV.
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sensitivities of other experiments are shown as colored contours.
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CHAPTER IV

FASER DETECTOR

The FASER detector, described in detail in Ref. [48], and depicted in Fig. 4.1,
was primarily designed to be sensitive to the dark photon signal. With dark
photons from the ATLAS IP producing a very distinctive signal of a non-interacting
particle suddenly decaying to two highly energetic (~ TeV) ete™ particles, the main

motivations behind FASER’s design were to:

— Efficiently veto background events caused by incoming charged particles

(primarily high-energy muons)
— Separate and identify the ~ TeV eTe™ tracks
— Measure the energy of the ete™ pair

There were also constraints due to the cost, minimizing the time to construct, and
having limited space in the TI12 tunnel that all impacted the final design of the
detector.

In addition to the primary FASER detector, there is also the FASERwv
tungsten/emulsion detector just upstream of FASER. FASERv is a passive stand-
alone detector that is dedicated to neutrino measurements, and is not used in this
analysis, but it does contain eight interaction lengths of tungsten that help suppress
potential backgrounds.

In the remainder of this chapter, the detector components of interest in this
analysis will be discussed further; including the tracking spectrometer, scintillators,

electromagnetic calorimeter, and the data acquisition system.
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FIGURE 4.1. A depiction of the FASER detector, where each color represents a
different sub-detector system. The coordinate system used for FASER is also shown

in the bottom left, where the particles coming from the ATLAS IP are travelling in
the +2 direction through FASER.

4.1 TRACKING SPECTROMETER

The tracking spectrometer [54] consists of three tracking stations interleaved
with three 0.57 T dipole magnets. Each tracking station has three layers of Semi-
Conductor Tracker (SCT) barrel modules from the ATLAS experiment [55], which
have a hit position resolution of about 20 pm in the precision coordinate. The
magnets bend charged tracks in the g direction, corresponding to the precision
coordinate of the tracker. A rigid piece of aluminum, shown in green in Fig. 4.1,
is used to mount and roughly align the three tracking stations to one another. In
order to obtain optimal tracking performance, an iterative local alignment procedure
is performed that minimizes the x? of reconstructed tracks. The remainder of this
section will further describe the magnets, SCT modules, tracking stations, and

tracking alignment procedure.
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4.1.1 Magnets

The three magnets in FASER are identical except for their lengths, where the
most upstream magnet is 1.5 m long and the other two are 1 m long. For this
analysis, the central empty volume of the 1.5 m long magnet is where we require
the dark photon to decay, and is thus referred to as the decay volume. The active
transverse area of the detector is defined by the circular magnet aperture with a
radius of 10 cm.

All three magnets are composed of Samarium-Cobolt (SmyCoy7) permanent
magnetic blocks. The blocks are arranged in a Halbach array, as seen in Fig. 4.2,
of 16 blocks per ring and 12 (18) rings for the 1 m (1.5 m) long magnets. The
result is a uniform dipole magnetic field throughout the central empty volume of the
cylinder, depicted in Fig. 4.3. To assemble and hold the magnetic blocks in place,
aluminum guides were used. The outer frame of the magnets use construction steel
grade S355JR, which provides stability during assembly as the magnetic blocks are
attracted to the outer frame until the Halbach array is complete.

To measure the magnetic fields of the magnets, the CERN magnet team used both
a single-stretched wire (SSW) and a 3D Hall probe [48]. The SSW method utilizes a
conducting wire that is tight under tension and suspended through the length of the
magnet, where translations of the wire in directions perpendicular to the magnetic
field induce a current in the wire via the Lorentz force that is proportional to the
perpendicular component of the magnetic field. Performing the SSW measurement
in steps of x and y produces a 2D measurement of the integrated magnetic field along
the wire, but fails to give any information on the field dependence of the z position.
On the other hand, the 3D Hall probe measurement combines three separate Hall

effect sensors that are all perpendicular to one another in order to measure to all
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FIGURE 4.2. A cross section of a cylindrical dipole magnet in FASER. The arrows
indicate the direction of the magnetic field in each of the permanent magnetic blocks.
Note that the final orientation of the inner magnetic field is in the —z direction, which
would correspond with the vertical direction in this figure.

components of the magnetic field at any position in 3D space. The results of the
3D Hall probe measurement produces a 3D magnetic field map that is used in the
simulation, and whose field strengths at the center of one of the 1 m long magnets

can be seen in Fig. 4.4. Both methods agree in their measurements of a homogeneous

magnetic field of 0.57 T in the —2 direction for all three magnets.

4.1.2  SCT Module

The ATLAS SCT barrel modules, used to construct the FASER tracker, and
depicted in Fig. 4.5, consist of four identical single-sided silicon microstrip sensors.
Each sensor is composed of a 285 pum thick n-type silicon substrate that has p-type
strips implanted across its surface. With a rectangular geometry of 64 x 63.6 mm?,
and a constant pitch of 80 pum between strips, each sensor has 768 readout strips.
The four sensors in an SCT module are aligned in pairs along the length of the strips

and bonded end-to-end to create ~12.8 cm long readout strips on both sides of a base

67



1.00

— 0.75

0.50

0.25

IBx| = 0.576 T
] ' 0.00

Bmod,
Tesla

FIGURE 4.3. The FEMM [15] simulated 2D magnetic field distribution is shown in
a quadrant of the dipole magnet. Note that for this figure, the & direction is vertical
and the g direction is horizontal.
board. Thus, there are 1536 total readout channels in a module, with 768 on each
side. There is a 40 mrad stereo angle between the front and back strips, providing
an intrinsic 17 pm spatial resolution in the precision ¢ coordinate and an intrinsic
580 pum spatial resolution in 2.

A flex polyimide/copper hybrid readout with front-end ASICs (ABCD3TA
chips [56]) is attached near the center on one side of the module. A module has
12 ABCD3TA chips, which readout 128 channels each, and provide a preamplifier,

pulse-shaper, and discriminator for each channel. A nominal bias voltage of 150 V
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FIGURE 4.4. The magnetic field components, measured with the Hall probe method,
are shown against z while at the center of one of the 1 m long dipole magnets.
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FIGURE 4.5. A photograph of a SCT barrel module inside an aluminum test-box.
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and a common threshold of 1 fC is applied across all channels. In order to account
for differences between channels and obtain a uniform activation response, a 4-bit

threshold offset parameter is tuned for each channel.

4.1.8  Tracking Station

Eight SCT modules are installed in a 24 x 24 cm? transverse plane within an
aluminum frame, as seen in Fig. 4.6. The modules are displaced in their placement
in z, such that they can overlap one another and minimize the gaps in the transverse
plane. Each module has a flexible printed circuit board connecting the ASICs to a
patch-panel on either side of the tracker plane, which is used to interface with the
power supplies and DAQ.

In order to keep the modules cool, such that the epoxy glue used for the module
assembly does not melt, a 5 mm diameter water cooling channel is integrated into
the frame of the tracker plane, which is thermally coupled to the baseboards of all
eight modules.

A tracking station, shown in Fig. 4.7, is composed of three tracking planes that
are stacked in the Z direction. Each plane in a station is staggered in the g direction
by +/- 5 mm with respect to the first plane in order to cover tracking dead zones
caused by the module overlaps not fully covering the 1 mm gaps between the sensor
cut edge and the sensitive sensor region. The staggering of the planes ensures that
there are at least two tracker modules hit for a track travelling through this region
of the tracking station. One dead region that was not accounted for, and amounts to
1.6% of the active area of the tracker, was the vertical gaps in between the sensors

in the middle of a module. The gaps and staggering of the planes can be clearly seen
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FIGURE 4.6. A photograph of a tracker plane, where 8 SCT modules are installed
in an aluminum frame.

FIGURE 4.7. A tracker station in depicted as an expanded CAD view on the LEFT,
and as a photograph of the final assembly on the RIGHT.

in Fig. 4.8, which shows the number of hits on track across the transverse area of
the most upstream tracking station.
Quality tests and calibration runs were routinely performed on the SCT modules

throughout the construction of the tracking spectrometer and after it’s installation,
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FIGURE 4.8. The number of hits on track, per mm?, is shown across the transverse
area of the most upstream tracking station. Both the vertical gaps between the
sensors of a module and the staggered horizontal gaps between the modules can be
seen. Less hits on track are seen for positions with r>100 mm because that region
is where the magnetic material lies, which scatters tracks and complicates the track
reconstruction.

as described in [54]. At the very start of construction, the spare SCT barrel modules
from ATLAS were tested and selected for FASER based upon being operational up
to a bias voltage of 300 V and also for having the least amount of dead strips. After
their final installation, only about 0.5% of all strips, in all SCT modules used, failed
to respond to an injected charge and were deemed to be dead. As for noisy strips,
the occupancy of strips that have noise above the 1 fC threshold was measured to
be 6.61 x 1075, Finally, the detection efficiency for a high energy charged particle
passing through the sensitive region of the SCT sensors was found to be above 99.8%,
which was measured by reconstructing tracks, as described in Chapter VI, without
using the hits from a given SCT module and then seeing if the module had a hit

where the reconstructed track says it should.
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4.1.4  Tracker Metrology and Alignment

Accurately measuring where each tracking module is positioned with respect
to the others is done throughout both detector assembly and regular data-taking.
During assembly, metrology and survey scans are performed to ensure the tracking
spectrometer is being built to the designed specifications. Whereas, throughout
data-taking, events with through-going particles are used to perform an iterative
local alignment that minimizes the x? of reconstructed tracks and optimizes the
tracking performance.

A Mitutoyo CRYSTA-Apex S CNC coordinate measuring machine was used to
perform metrology scans on each assembled tracking layer and station, as seen
in Fig. 4.9. Equipped with a touch-probe and an optical camera, the metrology
machine can perform precise measurements (~ 5 pm precision in the plane and
10 — 15 pum out of the plane) with respect to visual targets located on the corners
of the tracking planes. Comparing these measurements with the perfectly aligned
CAD geometry, showed that the SCT modules had a maximal deviation of 100 pm
from their designated positions. Throughout the assembly of the full tracking
spectrometer, the Cern Survey team used a Leica laser tracker to map out, with
mm-level precision, all of the magnets and tracking stations with respect to the LHC
reference system.

The in situ alignment of the tracking spectrometer using reconstructed tracks,
which are described in Chapter VI, was done with ~ 596 pb~! of data collected
in late July of 2022. An iterative local x? alignment method was used that
incrementally shifts the positions of the tracking modules, in the software, in the
direction that minimizes the disagreement between the hit positions in that module

and the expected hit positions from the reconstructed tracks. Only the most sensitive
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FIGURE 4.9. A picture of the metrology scans being performed on a tracker plane.

distortions, translations in the precision tracker coordinate (y) and rotations around
the longitudinal axis (2), at both the individual module and tracking layer level were
considered. One must also deal with weak modes in the tracker alignment, which
are distortions in the tracking spectrometer that do not affect the track residuals. In
order to constrain the weak modes in FASER, which include a common translation
or rotation in all of the tracking layers and a sheering of the tracking station and
layer positions in g, the positions of the modules in the middle layer at stations 1 and
3 are fixed. The results of the alignment after 20 iterations are shown in Fig. 4.10,
where a clear improvement in the hit residual distributions are seen when comparing
unaligned data, aligned data, and perfectly aligned MC. The remaining disagreement
between the aligned data and the perfectly aligned MC can be attributed to the
misalignment in the two fixed layers and also the misalignment in the less sensitive

translation and rotation directions that were not considered.
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FIGURE 4.10. Comparisons of the reconstructed track residuals are shown for tracks
reconstructed from data in an unaligned geometry (red), data in an aligned geometry
(black), and from MC simulation with an ideal geometry (orange). In the TOP, the
track residual distributions are shown when combining the residuals from all tracker
modules. The distributions are normalized to the same number of entries and fit with
a Gaussian. The BOTTOM plot shows the means of the track residual distributions
for each tracker module. For both plots, the data used has an integrated luminosity
of 596 pb~! and only the tracks with momentum greater than 300 GeV and the
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4.2 SCINTILLATORS

The scintillator system is composed of four stations, each consisting of multiple
scintillating modules. A scintillator module is defined as the combination of a
scintillating plane, a light guide or wavelength-shifting (WLS) rod, and a Photo-
Multiplier-Tube (PMT). The EJ-200 plastic scintillator material [57] was used for
all scintillating planes, providing a light output of about 22,000 photons/cm for
minimum ionizing particles [58]. Efficient charged particle detection is achieved by
using thick scintillating layers of either 1 or 2 cm, corresponding to 2.5-5% of a
radiation length. Light generated in each scintillating layer is guided to a PMT,
where the light is converted into an amplified electronic signal. In order to prevent
light leaks, and to improve fire safety, all scintillating layers and light guides are
wrapped in 0.5 mm-thick aluminum tape. The different scintillator stations can be
seen individually in Fig. 4.11, and as part of the full detector in Fig. 4.1.

Starting at the front of the detector, nearest the ATLAS IP, is the VetoNu
scintillator station. There are two back-to-back scintillator modules that make up
the station, each with a scintillating layer of 30x35 cm? transverse area and 2 cm
depth. Due to space limitations at the front of the FASER detector, where the area
around the FASERv sub-detector is enclosed, a compact light collection mechanism
and PMT are used only for the VetoNu modules. A 1.5 cmx1.5 cmx37.5 cm EJ-280
plastic WLS rod [57] is coupled with optical grease to both the vertical side of the
scintillating layer and also to a compact Hamamatsu H11934-300 PMT [59]. The
WLS rod provides a light emission spectrum that peaks around 500 nm, which
matches the light wavelength that maximizes the sensitivity of the Hamamatsu

H11934-300 PMT.
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FIGURE 4.11. The VetoNu (TOP-LEFT), Veto (TOP-RIGHT), Timing/Trigger
(BOTTOM-LEFT), and Pre-Shower (BOTTOM-RIGHT) scintillator stations are
shown.

Further downstream is the Veto station, constructed from four scintillator
modules, and placed just in front of the decay volume. A single module encompasses
a 30 cmx 30 cmx2 cm scintillator, a triangular light guide, and a Hamamatsu H6410
PMT [60]. The PMT assembly is spring-loaded such that it maintains good optical

contact with the light guide. To minimize the effect that the magnets have on
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the PMT response, there are two layers of permalloy tube protection surrounding
the PMT. The triangular light guide is mounted on top of the scintillator and at an
angle from vertical of 140 mrad, allowing for two modules to be placed back-to-back
without their PMTs clashing. Two pairs of back-to-back modules are placed on either
side of a 10 cm-thick lead absorber. The lead is to ensure that incoming photons are
either completely absorbed or generate an EM shower that can be detected by the
pair of downstream scintillator modules.

Both the VetoNu and Veto stations have scintillators with a transverse size
significantly larger than the active region of the detector, which allows for the efficient
detection and rejection of muons, even if they enter the detector at an angle with
respect to the LOS.

The next downstream scintillator station is the Trigger/Timing station, which is
installed just after the decay volume and before the first tracking station. Covering
a large transverse area of 40x40 cm?, the Trigger/Timing station is used to detect
any charged particles traversing the FASER tracking spectrometer and to trigger the
recording of all sub-detector signals for that event. This station also provides sub-
nanosecond signal timing, which is used to discriminate between particles coming
from pp collisions at the ATLAS IP and non-collision backgrounds. To minimize the
time it takes for light generated in the scintillator to reach the PMT, the scintillating
plane is separated into two planes that are stacked vertically on top of one another,
where each plane has two PMT’s, with one mounted on each side. The PMTs and
light guides used in the Trigger/Timing station are the same as those used in the
Veto station, except there is an additional 90-degree bend in the triangular light
guide that is needed to keep the Hamamatsu H6410 PMTs from clashing with the

sides of the trench. In order to minimize the amount of material in the volume of
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the tracking spectrometer, the Trigger /Timing station only uses a single scintillator
plane with a thickness of 1 cm.

Finally, the Pre-shower station is near the end of the detector, positioned after the
last tracking station and just before the calorimeter. The Pre-shower consists of two
scintillator modules that are identical to the Veto scintillator modules, interleaved
with two 3 mm thick tungsten plates and three 5 mm thick porous graphite blocks.
Both the tungsten plates and graphite blocks have the same 30x30 cm? transverse
area as the scintillators. The graphite blocks are used to stop low-energy backward-
travelling particles that originate from the electromagnetic shower in the calorimeter
and could cause additional hits in the last tracking station. With one radiation
length of tungsten absorber directly preceding each scintillator module, the primary
purpose of the Pre-shower is to cause the electron-positron pair, coming from the dark
photon decay, to start their electromagnetic shower and to record the longitudinal
development of the shower. As seen in Sec. 4.3, the calorimeter does not provide any
longitudinal information about the electromagnetic shower, and thus the Pre-shower
is critical for particle identification. The ratio of the two preshower modules can
be used to discern between quickly evolving electromagnetic showers (e.g. photons
and electrons), slowly evolving hadronic showers (e.g. pions), and non-showering
minimum-ionizing particles (e.g. muons). The Pre-shower also improves the energy
resolution of the calorimeter for highly energetic (~TeV) electromagnetic showers,
which can penetrate the entire length of the calorimeter, as the extra radiation
lengths of the preshower allow for more of the shower to be captured in the

calorimeter.
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4.3 CALORIMETER

The electromagnetic energy of particles is measured by an electromagnetic
calorimeter, the most downstream component of the detector. The calorimeter is
constructed from four outer ECAL modules from the LHCb experiment [61], and
is shown in Fig. 4.12. Each module, depicted in Fig. 4.13, is 12x12 cm? in the
transverse plane, with 66 layers of interleaved 4 mm thick plastic scintillator and
2 mm thick lead plates, corresponding to a total of 25 radiation lengths. A module
has 64 wavelength-shifting fibers that penetrate the length of the module and guide
the light generated in the scintillating layers to the PMT at the back of the module.
The Hamamatsu R7899-20 PMT [62] is used to detect the light from the calorimeter,
which is the same PMT that LHCb uses. The PMT assembly is shown in Fig. 4.14,
and includes both a light mixer and light filter upstream of the PMT, which are
all covered by a permalloy tube in order to reduce the effect of magnetic fields. A
32 mm long and 8 mm wide rectangular polystyrene light mixer is placed just before
the PMT to reduce the positional non-uniformity of the PMT response. A light filter
with 10% transmission efficiency is installed between the calorimeter’s wavelength-
shifting fibers and the light mixer in order to run the PMT at high gain, where
it’s response is most linear, whilst also not saturating the PMTs during ~TeV EM
showers. With this default setup, the readout of the PMTs only saturates for large
pulses corresponding to energy deposits above 3 TeV.

The calorimeter energy resolution has been measured with high energy electrons
in a test-beam, discussed in Appendix B.1, to be O(1%) in the high-energy range

most relevant for this analysis.
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FIGURE 4.12. A picture of the FASER calorimeter is shown, where four LHCb
outer ECal modules are placed 2x2, and the PMTs are comig out of the back of the
calorimeter.

WLS fibre: 0 1.2 mm
Quantity: 1+ 64
Bundle: ¢ 10.8 mm
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FIGURE 4.13. The calorimeter module design is depicted.

FIGURE 4.14. The calorimeter PMT assembly is shown.
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4.4 TRIGGER AND DATA ACQUISITION

The FASER trigger and data acquisition (TDAQ) system is designed to capture
the raw data from all scintillator, calorimeter, and tracking modules whenever a
highly energetic charged particle passes through the detector. Readout is triggered
by signals from the scintillators or calorimeter system, with a typical trigger rate of
~1 kHz during an instantaneous luminosity of 2 x 103 ¢m 257!, and is dominated
by high energy muons from IP1. Upon readout, the digitized raw data from all sub-
detectors is sent via optical fibers to a DAQ PC at the surface, where the data is
combined to form an event and then saved to storage.

The remainder of this section will describe both the main TDAQ hardware and

the trigger logic used when collecting data.

4.4.1 TDAQ Hardware

The central component of the TDAQ hardware is the Trigger Logic Board (TLB),
which receives trigger inputs from the waveform digitizer and then decides when to
distribute a global Level-1 accept (L1A) signal to the Tracker Readout Board (TRB)
and the digitizer in order to initiate the readout of an event. A diagram of the
TDAQ hardware system can be seen in Fig. 4.15, and a detailed description of the
the entire system can be found in Ref. [16]. Just a brief overview of the TLB, TRB,
and digitizer will be discussed here.

The TLB is a custom general-purpose input/output (GPIO) board that utilizes
a CYCLONE V A7 FPGA and is driven by the LHC clock at a frequency of 40.08
MHz. The trigger logic required for the TLB to send out an L1A signal is discussed

in Sec. 4.4.2. To track which proton-proton bunch collision we are triggering on, a
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FIGURE 4.15. A diagram depicting the FASER TDAQ architecture. Each
component is represented by a colorful box and the connections between the
components are shown with arrows. The numbers in parentheses indicate the number
of channels. The figure is from Ref [16].

bunch counter in the TLB increments by one for each LHC clock cycle and resets
with the bunch counter reset (BCR) signal that comes each time the LHC beam
completes an orbit. In order to be sure that the data from the TRB and digitizer
are readout with the correct event, the TLB has adjustable delays for sending out
both the L1A and BCR signals. The TLB also has an on-board rate limiter, set to
a maximum trigger rate of 2.2 kHz in order to protect against possible noise bursts.
The time in which triggered events are ignored and not read out is refereed to as

dead-time. This dead-time does not only come from the rate limiter, but also from
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the busy signals of both the TRB and digitizer that veto the L1A signal whilst they
are reading out data from a previous trigger.

A TRB is composed of an identical GPIO board to the TLB, also driven by the
LHC clock, and an adapter card that allows for connection to the tracker modules
through the tracking station patch panels. The TRB firmware translates commands
from the host PC, into a bit-stream that the SCT modules can understand. Thus
the TRB provides a way to communicate with, configure, and readout the tracker.
A single TRB reads out and operates eight SCT modules, corresponding to an entire
tracker plane. Thus, there are three TRBs per tracking station and 12 total TRBs
when including the IFT tracking station in addition to the three-station tracking
spectrometer. Where the TLB can provide a delayed L1A to all of the TRBs,
similarly can each TLB delay the readout of the SCT modules such that the data
from each module arrives in time with one another.

During testing and calibrations, both the TLB and TRB can be driven by 40 MHz
internal clocks rather than the LHC clock.

A 14-bit CAEN VX1730 digitizer board receives the analog PMT signals from the
scintillator and calorimeter modules, digitizes the waveforms, and provides trigger
input signals to the TLB. The LHC clock is also input into the digitizer such that the
relative timing between the PMT waveforms and the LHC clock can be measured
during data reconstruction. With one LHC clock and 16 scintillator/calorimeter
modules needing to be input into the 16-channel digitizer, there was one too many
inputs for the digitizer. It was decided that the most upstream layer in the Veto
would not be digitized, as there are still three Veto layers that provide sufficient
redundancy. For the remaining scintillator/calorimeter modules and the LHC clock,

the waveforms from each digitizer channel are sampled at a rate of 500 MHz and
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stored in a 1200 ns circular buffer that is read out upon receiving an event trigger from
the TLB. All digitizer channels have a 2 V range and an adjustable baseline offset.
A baseline offset of 0.85 V was implemented for the data used in this analysis, such
that a PMT signal whose baseline-to-peak amplitude was larger than 1.85 V would
produce a saturated digitized waveform. The digitizer also monitors the waveforms
at all times and sends trigger signals to the TLB whenever the waveform peak is

greater than a predefined threshold for each channel, as described in Sec. 4.4.2.

4.4.2  Trigger Logic

The CAEN digitizer produces eight trigger outputs, which the TLB receives and
logically combines into four physics triggers that cause the readout and storage of
an event.

The eight triggers produced from the digitizer are logical “and/or” combinations

of paired up calorimeter and scintillator modules as follows:
1. CaloBottom: either of the two calorimeter modules on the bottom
2. CaloTop: either of the two calorimeter modules on the top
3. Preshower: both of the pre-shower layers
4. TimingBottom: both of the PMTs on the bottom trigger/timing layer
5. TimingTop: both of the PMTSs on the top trigger/timing layer
6. 1stVeto: the single digitized Veto layer upstream of the lead shielding
— the other Veto layer upstream of the lead is not connected to the digitizer

7. 2ndVeto: both of the Veto layers downstream of the lead shielding
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8. VetoNu: both of the VetoNu layers

where a given sub-detector is triggered only if it’s signal crosses a predefined digitizer
threshold. The thresholds in the scintillators were tuned to be well below that seen
from a single minimum-ionizing particle, while the calorimeter thresholds were set
to the amplitude expected from a ~20 GeV electromagnetic shower. All digitizer
thresholds are at least 10x larger than the rms of the waveform noise, which is
dominated by the electronic noise of the digitizer.

The TLB further combines the eight input trigger lines from the digitizer into

four trigger logic items that generate an L1A signal, and are defined as follows:
1. CaloBottom OR CaloTop trigger
2. VetoNu OR 1stVeto OR 2ndVeto OR Preshower trigger
3. TimingBottom OR TimingTop trigger

4. A coincidence between (VetoNu OR 1stVeto OR 2ndVeto) AND Preshower

trigger

You can see the different FASER triggers and their recorded trigger rates, along with
the total rate, for a common LHC fill in Fig. 4.16. The total trigger rate is dominated
by the Trigger/Timing scintillator station as it has the largest sensitive transverse
area. All of the TLB triggers, except for the coincidence trigger, should fire due to a
dark photon signal, providing redundancy that is necessary when trying to capture

such a rare event.
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FIGURE 4.16. The recorded trigger rates for each of the four FASER TLB triggers
are shown during LHC Fill 8143 on August 19, 2022. The triggers are further
described in Sec. 4.4.2. The structure and decay in rate over time closely follows
the LHC luminosity at IP1.
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CHAPTER V

DATASET AND SIMULATION SAMPLES

This search uses 27.0 fb~! of Run 3 collision data collected by FASER between
September and November 2022. From July to August 2022, the calorimeter
light filters were removed for commissioning purposes, causing saturation for
electromagnetic showers with energies greater than 300 GeV; this data is excluded
from the dark photon search. A total of 64 different FASER runs were chosen
for this analysis, which all met the requirements that the delivered luminosity was
greater than 10 pb~! and the calorimeters were setup to measure high energy (~TeV)
electromagnetic showers. The luminosity of the dataset is provided by the ATLAS
experiment [47, 63, 64] and corrected for the FASER detector dead-time. The average
dead-time for the runs used in this analysis was 1.3%. The cumulative delivered
luminosity and recorded luminosity throughout 2022 and 2023 can be seen in Fig. 5.1.

In order to check that there were no unseen issues with any of the 64 runs used in
this analysis, both the number of reconstructed tracks and the number of events with
energy in the calorimeter greater than 100 GeV were normalized by the luminosity
recorded during that run and then compared to the other runs, as seen in Fig. 5.2.
The luminosity normalized detector response is seen to be stable across all runs,
providing confidence that the detector conditions are constant for the data used in
this analysis.

Monte Carlo (MC) simulation samples are used to evaluate the signal efficiency,
in the estimation of background yields, and to calculate the systematic uncertainties.
All samples are simulated using GEANT4 [65] with a perfectly aligned and detailed

description of the detector geometry, including passive material. The simulation
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FIGURE 5.1. The cumulative luminosity versus time delivered to (yellow) and
recorded by FASER (blue) during stable beams are shown.

properly aligns the detector with respect to the IP, where there is a 6.5 cm
vertical offset from the longitudinal LOS, as discussed in Sec. 3.2. The simulated
response from the scintillator and calorimeter modules are digitized to mimic the
waveforms from the PMT output in data, the process of which is described in detail
in Appendix A.2. The MC samples include a realistic level of detector noise, and are
reconstructed in the same way as the data, as described in Chapter VI.

Dark photon signal events are generated using FORESEE [66] with the
EPOS-LHC [13] generator to model very forward 7% and n meson production in the
LHC collisions. The production of dark photons via dark bremsstrahlung is also
included, which is modelled using the Fermi-Weizsacker-Williams approximation

following Ref. [67] with the additional requirement on the dark photon’s transverse
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FIGURE 5.2. The luminosity-normalized detector response is shown for all 64 runs
used in this analysis. The total number of reconstructed tracks, as well as the number
of positively or negatively curved tracks, are shown in the TOP plot; whereas the
BOTTOM plot shows the total number of events with energy in the calorimeter that
is greater than that of a 100 GeV electromagnetic shower.

momentum, pr(A’) < 1 GeV, to ensure the validity of the calculation. Signal samples
for the A" model are generated covering the relevant ranges in both coupling and
mass, as shown in Fig. 5.3.

A high-statistics high-energy muon sample with 2 x 10® events entering FASER

from IP1 is used for several background and systematic uncertainty studies. The
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FIGURE 5.3. The dark photon samples generated for this analysis are shown as red
dots in the phase space of the A’ mass and coupling (¢). The yellow regions show the
expected sensitivity of FASER for varying amounts of delivered luminosity. Regions
previously excluded by other experiments are shown in grey, and regions that could
be excluded in the future by other experiments are shown as colorful dotted lines.

sample uses the expected energy and angle of the muons as estimated by FLUKA [52,
53, 68] simulations of incoming muons from IP1. The samples include a detailed
description of the LHC components and infrastructure between IP1 and FASER. A
similar sample of 8 x 10° large-angle (15-60 mrad with respect to the longitudinal
axis of FASER) muon events generated slightly upstream of the VetoNu scintillators,
and with a radius spanning 15-30 cm covering the edge region of the scintillators, is
produced and used to study the background from large-angle muons that miss the

veto system.
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Neutrino interactions in FASER [69] are simulated by the GENIE [70, 71] generator,
following the fluence, energy spectrum and flavour composition obtained in Ref. [72];
which presents a fast simulation of the high-energy neutrino flux in the far-forward
direction of proton-proton collisions at the LHC by only accounting for neutrinos
produced in the vacuum of the beam pipe, and not in downstream material
interactions, which was found to be subdominant. The sample used for the neutrino
background study corresponds to 300 ab™! of data, and only includes neutrino
interactions in FASER that are either upstream of the Veto scintillators or in the

active detector volume.
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CHAPTER VI

EVENT RECONSTRUCTION

Event reconstruction is done to prepare the raw data for analysis, and is
performed using FASER’s Calypso [73] offline software system, based on the open-
source Athena framework [74, 75| from the ATLAS experiment.

The reconstruction of charged particle tracks in the tracking spectrometer is
done in steps that take the raw data from SCT strips and forms clusters, then
spacepoints, then track segments, and finally full tracks. Clusters give the total
charge and charge-weighted position of groups of SCT strip neighbors that see a
signal above threshold. Separate clusters are formed on either side of an SCT sensor,
and thus the cluster position is only sensitive to the precision local coordinate (9)
of the sensor. To get the global 3D position of where the track interacted with
(hit) the SCT sensor, two clusters on the front and back of an SCT sensor are
combined into spacepoints. The local & position of the hit is calculated using the
two clusters and the stereo-angle between the strips on the front and back of an SCT
module. The global position, which is stored as a spacepoint, is then calculated by
combining the local hit position in the SCT module with the global position of the
SCT module in the aligned detector geometry. All combinations of spacepoints in
separate tracking layers of a given tracking station are then linearly fit to form track
segments. If the x-angle of a track segment is > 0.08 radians, which is the maximum
angle that a straight track can traverse the length of the tracking spectrometer, then
the track segment is discarded. Also, if multiple track segments share more than
60% of clusters, then only the segment with the most clusters are kept, where the

smallest x? is used as a tie breaker. Finally, full track reconstruction is performed
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by using the track segments as seeds in the combinatorial Kalman filter from the
ACTS library [76], which takes into account material interactions and the measured
magnetic field maps. When reconstructing multiple tracks, it is required that they do
not share more than 6 clusters; if the number of shared hits exceeds this threshold,
then the track with the higher 2 is discarded.

Extracting desired event information from the scintillator and calorimeter
modules is done through a series of waveform reconstruction steps, and is described
in detail in Appendix A.1. The only waveform measurement used directly in this
analysis is that of the integrated PMT charge over a small 120 ns window on
the waveform, which is where the signal is expected to arrive from a relativistic
charged particle originating from the IP. After pedestal subtraction and selecting this
waveform window, the PMT charge is calculated by simply summing the digitised
waveform values. But, if the waveform is saturated, then the PMT charge is
calculated by using the integral of a Crystal Ball fit on the signal, which allows for an
estimation of the signal charge if it were not saturated, as demonstrated in Fig. A.4
of Appendix A.1.

The reconstructed track and PMT waveforms are shown in Fig. 6.1 for an event
where a single muon traverses the FASER detector.

The calorimeter charge-to-energy scale calibration is determined using high
energy electron and muon beams from the test-beam data described in Appendix B.1.
To take into account differences between the detector configurations in the test-beam
and in collision data, the most probable calorimeter charge deposited by muons as
minimum ionising particles (MIPs) is used as an in-situ normalisation of the energy
scale. Special calibration runs are performed at high calorimeter gain to measure the

MIP signal. After individually normalising each calorimeter module signal to the
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FIGURE 6.1. The reconstructed event display of a muon traversing FASER. The
event (run 8336, eventID 1477982) occurred on August 23, 2022 and is in time
with a collision event. The measured track momentum is 21.9 GeV. The waveforms
are shown for signals in the scintillator and calorimeter modules, and are fit using
a Crystal Ball function. All PMT waveforms are consistent with a muon passing
through the scintillators and one of the calorimeter modules. The detected hits in
the semiconductor tracker modules are shown with blue lines and the reconstructed
track is shown with a red line. In the title of the waveform plots, left and right is
defined facing the downstream direction.

MIP scale, the test-beam data is used to estimate the initial electromagnetic energy
of the particle entering the calorimeter. A detailed account of the calorimeter energy

calibration is presented in Appendix B.2.
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CHAPTER VII

EVENT SELECTION

The typical A" detector signature, shown in Fig. 7.1, provides a unique signature
to investigate. Because the A’ is weakly interacting, no signal is expected in the veto
scintillator systems. The A’ can then decay in the decay volume to a very collimated,
high momentum, e*e™ pair, leaving two closely-spaced oppositely-charged particle
tracks in the tracking spectrometer. The eTe™ then leave signals in both the Timing
and Pre-shower scintillators as well as a large energy deposit in the calorimeter.
There are no significant SM processes that can mimic this signature, allowing for a
practically background-free search.

To avoid unconscious bias affecting the analysis, a blinding procedure is applied
to events where there is both no signal in any veto scintillator and the calorimeter
energy is above 100 GeV. The event selection, background estimation and systematic
uncertainties are then finalised before looking in this signal-dominated region of the
data.

The signal region event selection requires the following:

VetoNu scintillator Veto scintillator Pre-shower

station (2 layers) station (3 layers) Magnets scintillator station
| IliT J } 1 (2 Iayers)i
’ '1 [ |
| D I S = [ e & 6
i
) ' | , I— Calorimeter
FASERv tungsten/emulsion Decay Volume Timing T
detector scintillator

Tracking spectrometer stations
station

FIGURE 7.1. A sketch presenting a side view of the FASER detector, showing the
different detector systems as well as the signature of a dark photon (A’) decaying to
an electron-positron pair inside the decay volume. The white blobs depict where
measurements are taken for the A’ signal and the solid red lines represent the
reconstructed tracks produced by the ete™ pair.
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— the trigger from the Timing scintillator fired;
— event time is consistent with a colliding bunch at IP1;
— no signal in any of the five vetoNu and veto scintillators;
x required to be less than half that expected from a MIP
— signal in the scintillators that are downstream of the decay volume;
x required to be compatible with or larger than expected for two MIPs
— two fiducial reconstructed tracks of good quality;

* a good quality track has a track fit x2/(number of degrees of freedom) <

25, at least 12 hits on track, and a momentum > 20 GeV

x a fiducial track has an extrapolated position of < 9.5 c¢m radius at all

scintillators and tracking stations
— total calorimeter energy greater than 500 GeV;

Where the exact PMT charge cuts applied to the scintillators are shown in Table 7.1.
Before even utilizing the tracker, the cut applied to the Trigger/Timing scintillator
allows us to reject most of the single-track events in data whilst keeping the two-track
A’ signal events, as shown in Fig. 7.2.

The cumulative efficiency of each event selection requirement on a representative
signal model in the parameter space where the analysis is most sensitive (¢ = 3x 1075,
ma = 25.1MeV) is shown in Table 7.2. The total efficiency was found to be about
50% for dark photons that decay in the decay volume (where the probability of
the dark photon to decay while within the volume is (O(107?)), with the largest

inefficiency arising from the two track requirement.
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Scintillator PMT Threshold

Trigger/Timing station:

Top OR Bottom layer > 70 pC

or

Top AND Bottom layer > 30 pC

Each Pre-shower layer >2.5 pC

Each Veto layer <40 pC

Each VetoNu layer <40 pC

TABLE 7.1. Summary of the scintillator PMT charge thresholds used in the A’ event
selection. Because the Trigger/Timing layer is split into a top and bottom plane, the
two-MIP minimum cut on the Trigger/Timing PMT charge accommodates for the
case if two particles go into the same plane or separate planes.

AU.

107"

102

10°°

1074

10°7°

FIGURE 7.2.
scintillators for data, and MC A’ simulated signal. The data is dominated by single
muon events. The minimum required charge of 70 pC is shown as a dashed line.
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A requirement that the Timing scintillator trigger fired ensures that the trigger

efficiency, measured using orthogonal triggers on two-track events, is 100% for the

A’ phase space of interest.
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Selection Criteria Efficiency
No Veto Signal 99.7%
Timing+Preshower Signal 97.9%
> 1 good track 91.6%
= 2 good tracks 57.3% *
Track radius < 95 mm 51.8% *
Calo E > 500 GeV 50.8% *

TABLE 7.2. Cutflow for a representative signal model with ¢ = 3 x 107° my =
25.1 MeV, showing the fraction of MC simulated signal events passing the different
event selection criteria. The efficiency numbers in the rows marked with a * have
been scaled down by 7% following a data driven estimate of the two-track tracking
efficiency, as described in Sec. 9.2. The statistical uncertainty is smaller than the
last digit shown.

The probability to veto a signal event, due to the presence of an uncorrelated
beam-background muon in the same or neighbouring bunch crossing, is estimated to

be less than 1 per mille.
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CHAPTER VIII

BACKGROUNDS

Several sources of background are considered in the analysis. The dominant
background arises from neutrino interactions in the detector. Other processes such
as neutral hadrons, or muons that enter the detector volume without firing the
veto scintillator systems, either by missing the scintillators or due to scintillator
inefficiencies, also contribute to the background. Finally, non-collision backgrounds
from cosmic-rays or nearby LHC beam interactions are also considered. The
contribution of each of these background sources is described and quantified in the

following sub-sections.

8.1 VETO INEFFICIENCY

It is necessary to detect and veto incoming charged particles, dominated by
~1 kHz of high energy muons, which can interact in material and produce two-
track events with large deposits of energy in the calorimeter. The inefficiency of
each of the five planes of veto scintillators is measured independently with data, by
selecting events in which there is a single good fiducial reconstructed track and then
measuring the fraction of such events in which the scintillator charge is below that
of a MIP signal. The single-track PMT charge distributions are shown in Fig. 8.1 for
both a module in the VetoNu station and a module in the Veto station. Thanks to
the thick scintillators and tight fiducial track requirements, the inefficiencies are at
the 107° level or smaller for all VetoNu and Veto planes, as seen in Table 8.1. Since

the planes are independent, this leads to a combined veto inefficiency of smaller than
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FIGURE 8.1. Example plots of the charge distribution for events with good fiducial
tracks for the most downstream VetoNu scintillator (left) and the most upstream
Veto scintillator (right). The efficiency is calculated as the ratio of the number of
events with charge above the 40 pC threshold (indicated on the figures) to the total
number of events.

10720, As O(10®) incoming muons are observed in the 2022 dataset, the background

due to the veto inefficiency is taken to be negligible.

Scintillator | Efficiency
VetoNu-0 0.9999976(2)
VetoNu-1 0.9999974(2)

Veto-0 0.9999994(1)
Veto-1 0.99999976(7)
Veto-2 0.99999982(6)

TABLE 8.1. The measured efficiency of the five veto scintillator planes (the number
in parenthesis is the statistical uncertainty).

8.2 NEUTRAL HADRONS

Neutral hadrons produced in muon interactions in the rock in front of FASER
can be a possible source of background if, when passing through the veto systems
undetected and interacting or decaying inside the detector decay volume, they
produce exactly two reconstructed charged particle tracks and a calorimeter energy

deposit above 500 GeV. This background is heavily suppressed by the need for the
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neutral hadron to traverse the full eight interaction lengths of the FASERv detector,
and by the need for the parent muon to scatter to miss the veto scintillators. To
determine the fraction of neutral hadron events that deposit at least 500 GeV of
energy in the calorimeter, a three-track control region is used, where the parent
muon enters the detector and is reconstructed along with the neutral hadron decay
products. In these three-track events, the ratio of events with low calorimeter energy
(E < 100 GeV) to high energy (E > 500 GeV) is used to scale the number of
events with two reconstructed tracks (in which the parent muon is not present in
the detector) at low-energy (F < 100 GeV) to estimate the expected background
number of two-track events with £ > 500 GeV. To allow sufficient event counts in
the two-track low-energy control region, the veto requirements are relaxed, requiring
no signal in the VetoNu scintillators, but with no requirements on the other Veto
scintillator signals.

Photon conversion events (with the accompanying parent muon) constitute a
significant fraction of the three-track sample defined above and must be removed.
This is done by requiring that the invariant mass of the two lowest momentum
tracks, where the muon is assumed to be the highest momentum track, is greater
than 200 MeV, which was found to be optimal when separating Kg events from
photon conversions in MC simulation.

After discarding the photon conversion events, the number of data events in the
low- and high-energy three-track regions are 404 and 19 respectively. The ratio
of 19/404 is used to extrapolate the one event observed in the low-energy two-track
region to the two-track high-energy region, resulting in an estimate of 0.047 expected

events. This method provides an estimate of the number of neutral hadron events
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that lead to two reconstructed tracks, contain more than 500 GeV of calorimeter
energy, and leave no signal in the VetoNu scintillators.

To obtain the final background estimate, the results are corrected to account
for the fact that the signal region selection requires no signal in the downstream
Veto station as well. The correction is derived by studying the signal recorded in the
Veto station using three-track events. With a clear separation in the Veto scintillator
signal size for when only one track (the parent muon) traverses the Veto station versus
when the other two tracks also leave a signal in the Veto station, the scintillators
can be used to select both types of events and the ratio of the number of events in
the two cases is used as the correction.

After correcting for the fraction of events that will decay or interact before the
second veto system, a final estimate of (8.4 411.9) x 10™* events is found; where the
100% statistical uncertainty is driven by the single event observed in the low-energy
two-track data region, and an additional 100% systematic uncertainty is applied to
account for the assumptions in the method.

In performing this estimation, potential neutrino background to the low-energy
two-track data region, predicted to be 3.6 £+ 3.8 events from GENIE simulation, is

conservatively neglected.

8.3 LARGE-ANGLE MUONS

Another potential background source arises from large-angle muons that miss the
veto system and then enter the FASER decay volume. This background is heavily
suppressed by the fact that the tracks extrapolated to the front veto scintillators
are required to be within the fiducial volume. The MC sample with large-angle

muons generated at the edge of the scintillators, described in Chapter V, is used
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to study this background. No two-track events are seen in this sample, even before
applying the fiducial requirements on the extrapolated tracks or the calorimeter
energy requirement, suggesting that this background is negligible in the final analysis.

This was validated via a data-driven method by using events with a signal in
the veto scintillators and calculating the ratio of the number of such events with
> 500 GeV or< 500 GeV in the calorimeter, which is then used to extrapolate from
the number of events with no signal in the veto scintillators and < 500 GeV in the
calorimeter to the number of events with no signal in the veto and > 500 GeV in the
calorimeter. The results of this validation are consistent with those from the MC

estimate, providing confidence that this background is negligible.

8.4 NEUTRINOS

The large flux of high energy neutrinos, whose interaction cross section rises
with energy, at the FASER location constitutes an important background, since the
neutrinos do not leave any signal in the veto scintillators, and can interact to produce
high energy particles. To suppress this background, the detector was designed to
minimise the amount of material in the main detector volume.

The expected background from neutrino interactions inside the detector is
estimated using the 300 ab™! (~ 10000x larger than the data used in this analysis)
neutrino MC sample described in Chapter V. The MC simulation shows that
0.0015 neutrino events (0.0012 electron (anti)neutrino events and 0.0003 muon
(anti)neutrino events) pass the signal region selection when scaled to 27.0 fb™! of
data, with these interactions occurring in the Timing scintillator station or the first
tracking station. Fig. 8.2 shows the calorimeter energy distribution for neutrino

events that pass the signal region selection when disregarding the requirement on the
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FIGURE 8.2. The calorimeter energy in simulated neutrino events passing all signal
selection requirements, besides that on the calorimeter energy. GENIE is used to
simulate the neutrino interactions. The figure is scaled to a luminosity of 27.0 fb=1.

calorimeter energy. The figure shows that a requirement of > 500 GeV gives a good
suppression of the neutrino background. The uncertainty on the incoming neutrino
flux [72] is taken to be 100% for electron neutrinos and 25% for muon neutrinos, and
an additional 100% uncertainty is applied to account for the effect of uncertainties
in the modelling of neutrino interactions. The total neutrino background estimate

when scaled to 27.0 b~ is (1.5 + 0.5 (stat.) &+ 1.9 (syst.))x 1073 events.

8.5 NON-COLLISION EVENTS

Apart from potential background sources that originate from pp collisions at IP1,
backgrounds from both cosmic rays and the LHC beam interactions near FASER are

also considered.
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Cosmic rays are particle showers that occur when high energy particles or nuclei,
which originate from our sun or other energetic sources beyond our solar system,
interact with the Earth’s atmosphere. The vast majority of cosmic ray particles will
be absorbed before reaching FASER, which is 100 m underground, but it is possible
for weakly interacting particles to reach the detector. These events are studied during
330 hours of data-taking with no beam circulating in the LHC, which corresponds
to a similar running time to the full 2022 physics data-taking period. During this
time, no event is observed with a calorimeter energy deposit above 100 GeV, and no
events are found when requiring at least one good quality track, as shown in Fig. 8.3.

LHC beam interactions with gas or tails of the beam interacting with the
beampipe aperture can lead to particles boosted in the direction of FASER. Detector
activity is observed in correlation with LHC beam-1, the incoming beam to ATLAS
in the FASER location, and it’s bunches passing the back of the detector. This beam
background is studied by checking the tracker and calorimeter activity in events with
the relevant bunch timing, but which do not correspond to colliding bunches at IP1.
It is found that beam background events without signal in the veto scintillators do
not have a good reconstructed track, and for these events without a track, there are
zero events with calorimeter energies above 400 GeV, as seen in Fig. 8.3.

The overall contribution from non-collision backgrounds is therefore considered

to be negligible.
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FIGURE 8.3. The calorimeter energy distributions are shown for different track
requirements in both the (left) cosmic ray control sample and the (right) beam-1

background control sample.

8.6 SUMMARY OF THE EXPECTED BACKGROUND

The background sources considered and their estimated values are shown

in Table 8.2. As background contributions from the veto inefficiency, large-angle

muons, and non-collision events are estimated to provide a negligible contribution

in the signal region, the total expected background is obtained by combining

just the neutrino and neutral hadron estimates, leading to a total background of

(2.3+£2.3) x 1072 events.

Background

Central Value

Error (%)

Veto inefficiency

Non-collision

Neutral hadrons 0.8 x1073 1.2 x1073 (140%)
Neutrinos 1.5 x1073 2.0 x1073 (130%)
Total 2.3 x1073 2.3 x1073 (100%)

TABLE 8.2. Summary of the different background estimates. Estimates that are

negligible are represented with a

[k
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CHAPTER IX

SYSTEMATIC UNCERTAINTIES ON THE SIGNAL YIELD

Systematic uncertainties on the expected signal yields arise from several sources.
The uncertainty in the integrated luminosity is provided by the ATLAS collaboration,
and is 2.2% [64], following the methodology discussed in Ref. [47]. The statistical
uncertainty from the number of MC simulated signal events is included and ranges
from 1 to 3%. There are also spin correlations between dark photon production
and decay, but they are not included in the MC simulated signal as their effect on
this search is negligible [77]. The remainder of the systematic uncertainties, discussed
below, arise from the signal generator and from the modelling of the detector response

in the MC simulation.

9.1 SIGNAL GENERATOR

Uncertainties on the number of signal events decaying inside the FASER decay
volume are derived by comparing the estimates from using different event generators
to model very forward 7 and 7 meson production in the LHC collisions. Comparing
signal yields from QGSJET II-04 [78] and SIBYLL 2.3d [79] with the central estimate
from the EPOS-LHC [13] generator, where these generators have been validated using
LHCf’s forward photon measurements [80], provides an envelope of estimates as a
function of the energy of the signal (E(A’)), that is parameterized and used as the

uncertainty:
AN  0.15+ (E(A)/4 TeV)3
N 1+ (E(A)/4 TeV)3

(9.1)
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FIGURE 9.1. The energy spectrum of dark photons in FASER produced with
meson production modeled by different generators (EPOS-LHC, QGSJET II-04 and
SIBYLL 2.3d). Also shown is production from bremsstrahlung with a factor of two
variation in the pr cut off. The bottom panel shows the ratio between the different
estimates, and the parameterisation of the uncertainty as a function of energy. A
representative signal model (with m4 =50 MeV and =3 x 107°) is shown.

The parameterization also envelops the uncertainty on the signal predictions due
to changing the pr-cutoff in modelling of the dark bremsstrahlung as described in
Chapter V. Fig. 9.1 presents the A" energy distribution as estimated by the different
generators for a representative signal model. The parameterization is checked for
numerous signal models spanning the relevant phase space of the A’, and is found to

be in good agreement with the envelope of the generators.
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9.2 MC MODELLING

The remaining uncertainties arise from the modelling of the detector response
in the MC simulation, which is used to calculate the signal yield. With the same
event selection cuts applied to both data and MC simulation, a mismodelling of the
simulation response produces different signal efficiencies between data and MC, which
we estimate here for the various event selection requirements defined in Chapter VII.

To measure the uncertainty attributed to the Pre-shower and Trigger/Timing
scintillator cuts on the A’ signal, we compare the fraction of two track events that
are rejected due to the scintillator cuts in both data and MC signal simulation.
The scintillator efficiencies for two track events are measured to be > 99.7% in
both data and MC signal simulation. Thus, with negligible (<1%) effect on the
signal yield, no corresponding uncertainty is assigned to the Trigger/Timing and
Pre-shower scintillator cuts.

Similarly for the veto and vetoNu scintillator charge cuts; given that the
scintillators are extremely efficient, as summarized in Table 8.1, the corresponding
uncertainty on the signal yield is considered to be negligible.

The calorimeter energy scale calibration, as described in Appendix B.2, is applied
to both the data and MC simulation identically. The stability of the calorimeter
system across the data taking period is tested with regular calibrations using an
LED pulse injected into the calorimeter modules [48]. A conservative analysis taking
into account all components of the energy calibration is described in Appendix B.3,
and leads to a 6% uncertainty on the difference in the calibration of the energy scale
between data and MC simulation. This uncertainty is checked in data by comparing
the calorimeter response to photon conversion events in both data and the Fluka

MC simulation described in Chapter V. Photon conversion events are initiated by
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high-energy muons, producing three track events where the muon continues through
FASER and the photon decays into an electron-positron pair. After selecting for
three-track events, a cut requiring the signal in the downstream preshower layer
to be at least twice as large as the upstream preshower layer is used to further
isolate photon conversion events from other three track events, as shown in Fig. 9.2.
The cut on the ratio of the preshower layers rejects 90% of three-track events that
have an E/P < 0.5 whilst retaining 77% of three track events with an E/P > 0.5;
where E is the reconstructed electromagnetic energy in the calorimeter and P is
the combined momentum of the two lowest momentum tracks, which are assumed
to be the electron-positron pair while the highest momentum track is assumed to
be the muon. Thus the E/P ratio should ideally be centered on a value of one
for electromagnetic showers if both the calorimeter and track momentum are well
calibrated. For the purposes of this analysis, it is not the uncertainty in the absolute
energy calibration that is important, but rather the relative difference between the
data and MC simulation. The relative difference in the reconstructed F/p peak
position in data and MC simulation is consistent and well within the 6% uncertainty
across the momentum ranges probed, as shown in Fig. 9.3.

The uncertainty due to the tracking efficiency of single tracks is assessed by
comparing the relative efficiency for finding tracks in events with a single track
segment in each of the three tracking stations between data and MC simulation.
This yields a 1.5% uncertainty per track.

The track finding procedure is more complex when there are two closely-spaced
tracks, as is the case in the dark photon signal, especially when the tracks share
hits. The uncertainty due to this is assessed by overlaying the raw tracker data

from two different events, each of which has a single reconstructed track. The track
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FIGURE 9.2. (LEFT) The E/P vs. Invariant Mass distribution is shown for the two
lowest momentum tracks in three-track events found in data. Requiring an E/P >
0.5 is shown to select photon conversion event candidates, whose invariant mass is
zero, apart from most other three-track events that have a non-zero invariant mass.
(RIGHT) The ratio of the signal in the downstream vs upstream preshower layer
is shown for both photon conversion event candidates (black) and other three track
events (red) in data, where a preshower ratio cut of > 2 is used to efficiently select
3-track events in data that have an E/P > 0.5.
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FIGURE 9.3. (LEFT) The E/P distributions are shown for three-track photon

conversion events in both data (black) and Fluka MC simulation (red) for a track
momentum range of 75-175 GeV. (RIGHT) The Gaussian-fitted peak position of the
E/p in data and MC simulation is shown for several different momentum ranges:
20 GeV < p < 35 GeV, 35 GeV < p < 75 GeV, 75 GeV < p < 125 GeV, 125 GeV
< p < 175 GeV. For all ranges measured, the E/P peak in both data and MC agree
within the conservative 6% uncertainty (blue dashed line) used for the calorimeter
energy calibration.
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reconstruction is then re-run on the combined event, built from the two overlaid
events, so that the tracking efficiency can be calculated. This is performed using both
data and simulation, shown in Fig. 9.4, where the ratio of the efficiency between the
two, as a function of the distance between the two tracks at their first measurements,
is used to assess the uncertainty. At track separations comparable to that expected
in the A" signals, the efficiency in data is up to 7% less than in MC simulation. Thus
a 7% correction to the two-track tracking efficiency is applied, with a corresponding
systematic uncertainty that is assumed to be the difference between the nominal and
corrected efficiency. This 7% uncertainty in the two-track reconstruction efficiency
is also validated using delta-rays, as described in Appendix B.3.5.

The track momentum scale and resolution uncertainty is derived by comparing the
mass peak of photon conversion events in data and MC simulation. Upon comparison,
both a shift or Gaussian smear of the MC track momentum by 5% were shown to
more than account for the difference in the photon conversion mass peak position
between data and MC, leading to a conservative uncertainty of 5% on both the track

momentum scale and momentum resolution.
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FIGURE 9.4. (Top) The two-track reconstruction efficiency versus track separation
for overlaid tracks in both data and MC events are shown. The distribution of the
separation in eTe™ tracks of an A’ sample is also shown in red with the axis on the
right-hand side. (Bottom) The ratio of the overlay tracking efficiencies between MC

and data is depicted.

9.3 SUMMARY OF THE SYSTEMATIC UNCERTAINTIES

Table 9.1 summarises the various sources of uncertainty on the signal, showing
both the size of the individual uncertainties, and the range of the effect on the overall

uncertainty of the signal yield.
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Source Value Effect on signal yield
Signal Generator % 15-65% (15-45%)
Luminosity 2.2% 2.2%
MC Statistics NN 1-3% (1-2%)
Track Momentum Scale 5% < 0.5%
Track Momentum Resolution 5% < 0.5%
Single Track Efficiency 3% 3%
Two-track Efficiency ™% ™%
Calorimeter Energy Scale 6% 0-8% (< 1%)

TABLE 9.1. Summary of the systematic uncertainties on the signal yield. For each
of the sources of uncertainty, the source and size of the uncertainty is presented. The
effect on the signal yield across the full signal parameter space probed is also shown.
The numbers in parenthesis indicate the effect on the signals within the parameter
space for which this analysis is sensitive.
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CHAPTER X

RESULTS

After applying the signal selection described in Chapter VII, zero events are
observed in the un-blinded data, which is compatible with the expected background
of (2.3 + 2.3) x1073 events. Fig. 10.1 shows the calorimeter energy distribution for
data and three representative signal models at different stages of the signal region
selection on the veto scintillator and track information. There are events that have
no veto signal and at least one track, but the calorimeter energies are well below
the 500 GeV threshold; and there are no events upon further requiring two fiducial
tracks.

As no significant excess of events over the background is observed, the results
are used to set exclusion limits in the signal scenarios considered. The exclusion
limits are made using a profile likelihood approach implemented via the HistFitter
framework [81], and are set at 90% confidence level to allow for direct comparison
with constraints from other experiments. Hypothesis tests are performed using profile
likelihood test statistics [82] and the CLs method [83] to test the exclusion of new
physics scenarios. For dark photons, the analysis excludes signal models in the
range € ~ 4 x 1075 — 2 x 107 and my ~ 10 MeV — 80 MeV, and provides the
world-leading exclusion for scenarios in the range ¢ ~ 2 x 107 — 1 x 10™* and
ma ~ 17 MeV — 70 MeV. Fig. 10.2 shows the A’ exclusion limit in the signal
parameter space, where the grey regions are already excluded by experimental data
from BaBar [84], E141 [85], NA48 [86], NA64 [87], Orsay [88, 89], and NuCal [67, 90],

which are adapted from DarkCast [9].
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FIGURE 10.1. The calorimeter energy distribution for data and three representative
MC simulated signal models are shown for (a) all events with at least one good track,
(b) events that have no signal in the veto stations and at least one good track, and
(c) events that have no signal in the veto stations and exactly two good fiducial
tracks. The distributions and expected events from the MC samples are scaled to

27.0 fb~1.

A key reason for investigating dark photons is their potential as intermediaries
between the SM and a dark sector. In particular, they allow for obtaining the correct
value of the dark matter relic density, Q{***'h* ~ 0.12 [91], via the thermal freeze-out
mechanism. In Fig. 10.2, an example thermal relic contour is included, obtained for
the scenario where the dark photons couple to a light complex scalar dark matter
field x [66]. In particular, this line assumes that the mass ratio between the dark

matter candidate and the dark photon is always equal to m, /ma = 0.6 and that the

dark photon coupling constant to dark matter has a fixed value of ap = 0.1. This
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FIGURE 10.2. 90% confidence level exclusion contours in the dark photon parameter
space are shown. Regions excluded by previous experiments are shown in grey (see
main text for details). The red line shows the region of parameter space that yields
the correct dark matter relic density, with the assumptions discussed in the text.
mass ratio guarantees that the dark photon decays visibly into the SM species and
that the dark matter primarily annihilates via yxy — A" — ff. Variations of both
the coupling and mass ratio in the dark sector are possible and will lead to a shift
of the relic target line. Notably, in the context of this particular dark matter model,
the region below the target line would have an over-abundance of dark matter and
would be excluded cosmologically: FASER therefore probes a significant fraction of
the cosmologically-allowed region of parameter space.

This analysis was also reinterpreted to exclude previously uncovered parameter

space of a U(1)p_, model, and is presented in Appendix B.3.5.
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CHAPTER XI

CONCLUSION

The first search for dark photons by the FASER experiment has been presented,
providing a proof of principle that very low background searches for long-lived
particles in the very forward region are possible at the LHC. The search applies
an event selection requiring no signal in the veto scintillator systems, two good
quality reconstructed charged particle tracks and more than 500 GeV of energy
deposited in the calorimeter. No events are observed passing the selection, with
an expected background of (2.3 4+ 2.3) x1072 events. At the 90% confidence level,
FASER excludes the region of € ~ 4 x 107 —2 x 10~* and m 4 ~ 10 MeV — 80 MeV
in the dark photon parameter space. This result excludes previously-viable models
motivated by dark matter, where the dark photon would provide a portal between
the SM and the dark sector and allow for the thermal relic abundance of dark matter

to be set via the freeze-out mechanism.
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APPENDIX A

PMT WAVEFORM RECONSTRUCTION AND DIGITIZATION

To prepare the calorimeter and scintillator data for analysis, we must first
reconstruct the PMT waveforms in order to extract the desired information. We
also want to treat the Monte Carlo (MC) simulations in the same way as the raw
data, and thus have to digitize the simulation output to mimic the PMT waveforms
from real data.

In this Appendix, the details of reconstructing the PMT waveforms and digitizing

the MC scintillators and calorimeter modules are presented.

A.1 WAVEFORM RECONSTRUCTION

The raw data of the PMT signals, after passing through the digitizer, as discussed
in Sec. 4.4.1, are waveforms 1200 ns long with 2 ns bins and a negative amplitude
in ADC counts, as shown in Fig. A.1. The digitizer has a 2 V range with a 14 bit

readout resulting in a 0.122 mV/ADC conversion factor.

8000
7500 A
v 7000 A
=
=
(=]
“~ 6500
6000 A
5500 A
] 200 400 600 BOO 1000 1200
Time (ns)

FIGURE A.1. A typical example of a PMT raw waveform signal coming from the
digitizer.
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As the first step in reconstructing the waveform, we subtract off the baseline and
invert the pulse. To accomplish this, we histogram the waveform ADC values that
are before the expected time of the signal and then zoom in on the most common
value as shown in Figure A.2. We then fit this distribution with a Gaussian, which
has a two sigma fit-range around the most common value such that the occasional
out-of-time signal does not bias the baseline measurement. The mean and width of
the Gaussian fit are then taken to be the measured baseline mean and rms values
respectively. Now we subtract the measured baseline mean from the raw waveform
and then invert the signal in order to get a baseline-subtracted positive pulse that

we use for the remainder of the reconstruction.
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FIGURE A.2. The distribution of ADC values in a given waveform are shown. We fit
the distribution around the most common value to obtain the baseline and baseline

rms values.

In the next step of the waveform reconstruction chain, we isolate the signal from
the rest of the waveform, which is mostly noise. Because the primary signals we are
interested in are coming from relativistic particles emanating from the IP, the timing
of the signals in the scintillators and calorimeter modules, with respect to the trigger,

are roughly constant. Thus, to isolate the primary signal, we select a reconstruction
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window that is 40 ns before and 80 ns after the expected primary signal time. Figure
A.3 shows an example of this reconstruction window for two different scintillators,

where you can see the window fully captures the signals from both scintillators.
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FIGURE A.3. Both figures show a typical waveform after baseline subtraction,
inversion, and selection of the reconstruction window.  You can see that
the reconstruction window differs depending on which sub-detector is being
reconstructed, where the (TOP) plot is for a Trigger scintillator and has a
reconstruction window from 780 - 900 ns and the (BOTTOM) plot is for a preshower
scintillator and has a reconstruction window from 800 - 920 ns.

Now that we have isolated the primary signal, we fit it with a Crystal Ball

(CB) [92] function if the waveform is above threshold. The CB function is a Gaussian
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with a power law tail, and is defined as:

exp(——(g_(,??), for =2 > —a

f(z;a,n,z,0) = N - (A.1)
A-(B—z=z)y™" for &L £ —q

o

where A = (ﬁ)” . exp(—%), B=— la|, N is the amplitude, Z is the Gaussian
mean, o is the Gaussian width, n is the power law of the tail, and « is the number
of standard deviations away from the mean that the power law tail takes over.

The CB function nicely fits the signals and even lets us estimate the true size of a
signal that saturated the digitizer, as shown in Fig. A.4. In order to fit the saturated
pulses, we disregard the waveform values which are at the maximum and fit the rest
of the waveform with the Crystal Ball function. The resulting fit nicely matches the
unsaturated part of the waveform and gives a reasonable estimate for the shape of
the true unsaturated signal.

In the primary reconstruction window, the threshold required to try and fit the
waveform is a peak > 5 times the baseline rms. In order to improve the fit quality, a
Gaussian fit is done first to get estimates of the pulse amplitude, width, and timing
position which are then used as initial parameters in the Crystal Ball fit.

We also look for “secondary signal” regions, which are pulses that occur outside
of the primary signal region. The primary signal region is always reconstructed, as
it is the time range we expect the signal to be in, but secondary signals are out of
time and are only reconstructed if they have a peak value greater than a threshold
of 10 times the baseline rms. Due to ringing seen after the pulse in test-beam

data, the reconstruction code only looks for secondary signals before the primary

reconstruction window if a primary signal was seen, but if there is no primary signal
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FIGURE A.4. Crystal Ball fits in blue are shown atop data points in red for a regular
waveform pulse (TOP) and a saturated waveform pulse (BOTTOM).

above the threshold, then the code will look both before and after the primary signal
region for secondary signals. The secondary signals are fit and processed just like
a primary signal but are identified as a secondary signal by a dedicated flag in the
status word.

Once the waveform is successfully fit with the Crystal Ball function, we can
extract and save it’s parameters. We also integrate the Crystal Ball function over
the reconstruction window to give us a waveform integral. Finally, a constant-fraction
time measurement of the signal is obtained by extrapolating the fit to the time of

the rising edge where the waveform value is 40% that of the peak; where the optimal

124



threshold of 40% was measured from minimizing the timing resolution in data, as

shown in Fig. A.5.
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FIGURE A.5. The timing resolution of the first preshower layer is shown against
the constant-fraction threshold used to measure the timing, as described in the text.
The other scintillator and calorimeter channels have a similar shape, and thus a 40%
constant-fraction threshold was chosen to measure the pulse time as it minimizes
the timing resolution. The signals used to do this measurement were from muons in
TT12 collision data.

In addition to using the fit to extract values from the waveform, we also store the
raw peak and raw integral of the reconstruction window, which are obtained from
simply finding the maximum waveform value in the window and adding up all of the
waveform values in the window, respectively.

Finally, a status word is saved for each reconstructed waveform, which has bit
flags that give information about the waveform. The meaning of the status word
values are shown in Table A.1.

By the end of the waveform reconstruction, we have obtained all of the parameters

shown in Table A.2, which are then saved and ready to use in a physics analysis.
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Status Value Description
0 good hit
1 below threshold
2 secondary signal
4 amplitude overflow
8 find baseline failed
16 Gausian fit failed
32 CB fit failed
64 invalid clock
128 waveform missing
256 waveform invalid

TABLE A.1. This table gives the values and descriptions of the waveform status
word.

Variable Description

localtime time of signal measured at 40% of peak

peak peak of CB fit

width Gaussian width of CB fit

integral integral of CB fit over reconstruction window
bcid_time time difference of localtime and LHC clock edge
raw_peak max value of raw waveform in reconstruction window
raw_integral sum of raw waveform bins over reconstruction window

baseline_mean | measured baseline

baseline_rms measured basline rms

hit_status reconstruction status word, see Table A.1
mean mean of CB fit

alpha alpha of CB fit

nval power law of CB fit

TABLE A.2. All reconstructed waveform variables are shown and described.

The most common waveform variable used in the analysis, is that of the PMT
charge, which is calculated from the waveform integral. The charge deposited in the
PMT can be simply calculated by dividing the waveform integral (in units of mV*ns)
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by the 50 {2 terminal resistance of the signal cable, resulting in a charge with units

of pC.

A.1.1 Quality Checks

After developing a relatively simple and robust waveform reconstruction
algorithm, several quality checks were preformed to ensure the algorithm was
behaving as expected on the physics dataset used in the dark photon analysis.

As a first check, the mean waveform baseline, baseline RMS, and timing
measurements were all plotted for each FASER run used in the dark photon analysis.
As shown in Fig. A.6, the waveform baseline reconstruction is very stable, and only
deviates by < 0.01% from run-to-run. Similarly, Fig. A.7 shows that the waveform
noise, or baseline rms, was also quite constant, with < 1% variation in the scintillators
and < 6% variation in the calorimeter modules. Although there are jumps in the
calorimeter noise that are not fully understood, this is not an issue as the noise is still
negligible when compared to signals from large EM showers. The mean timing of
signals in the preshower and calorimeter modules show a drift of +2 ns in later runs,
as depicted in Fig. A.8, but this is suspected to be due to the LHC clock drifting
with seasonal temperature changes and is not an issue as the small drift will not
effect the signal being well within the 120 ns waveform reconstruction window.

Another check was to use the waveform status word to see how often steps in the
reconstruction chain failed. In the entire dataset used for the dark photon analysis,
there was never an instance where waveform reconstruction failed in any way besides
the occasional failed fit. The ratio of waveforms that had a failed fit, or had overflown
and saturated the digitizer, are shown in Table A.5. The calorimeter modules saw the

largest fraction (1-3%) of failed fits, yet this can be attributed to the low calorimeter
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FIGURE A.6. The mean reconstructed waveform baseline is plotted per FASER run
used in the dark photon analysis. The baseline measurements are shown for each
calorimeter and scintillator module, and are all normalized to the first run (8725).
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FIGURE A.7. The mean reconstructed waveform baseline rms is plotted per FASER
run used in the dark photon analysis. The rms measurements are shown for each
calorimeter (TOP) and scintillator (BOTTOM) module, and are all normalized to

the first run (8725).
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FIGURE A.8. The mean reconstructed waveform time is plotted per FASER run used
in the dark photon analysis. The time measurements are shown for each calorimeter
and scintillator module, and are all normalized to the first run (8725).
gain and the MIP signals in the calorimeter being dominated by noise. The waveform
fits worked better on the larger signals in the scintillators, with a < 1% fit failure
rate.

As a final check, the fitted measurements and the raw measurements of both the
waveform peak and integral were compared, as shown in Fig. A.9. As you can see,
the fit tends to overestimate the raw peak by ~5-10%, whereas the raw and fitted

integral are in much better agreement.
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‘ H Failed % | Overflow % | Gausian Fail % | CB Fail % | Both Fits Fail %

Calo/0 2.6 none 1.5 0.9 0.18
Calo/1 14 none 0.71 0.6 0.084
Calo/2 2.3 none 14 0.78 0.14
Calo/3 2.4 none 14 0.79 0.16
Preshower /0 0.16 0.027 0.14 0.022 0.00011
Preshower/1 0.26 0.026 0.22 0.038 0.00016
Timing/0 0.44 none 0.3 0.11 0.029
Timing/1 0.38 none 0.29 0.064 0.028
Timing/2 0.58 none 0.43 0.11 0.041
Timing/3 0.58 none 0.43 0.11 0.042
Veto/10 0.098 3.1 0.046 0.021 0.0041
Veto/20 0.059 3.9 0.039 0.015 0.0035
Veto/21 0.055 3.4 0.035 0.014 0.003
VetoNu/0 0.06 14 0.022 0.017 0.0022
VetoNu/1 0.057 1.3 0.021 0.017 0.002

TABLE A.3. The ratio of waveforms that had a failed fit or an overflow are shown
for the 2022 data set.
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A.2 MC WAVEFORM DIGITIZATION

MC simulation produces Geant4[65, 93] hits that record the position and amount
of energy deposited for each interaction step in a sensitive material, whereas real data
from a scintillator module is a waveform pulse showing the PMT charge collected
over time. For a direct comparison of the two, we make the simulation mimic the
waveform output of a PMT. This is done via a parameterization of the shape of real
data waveforms which is then scaled proportionally by the total simulated deposited
energy in the scintillator or calorimeter module. As a result of the MC digitization,
we can not only mimic electronic noise in the simulation, but also perform the same
waveform reconstruction steps on the simulation as we do with the real data.

To find the shape of the waveform signal we want to mimic, we start by
measuring an average waveform shape for each detector channel. To get an average
waveform from the TI12 FASER data, we first select and normalize the waveforms

by performing the following:

— select events with a through-going charged particle by requiring the coincidence

trigger between the preshower and the veto layers was fired,
— require the waveform has a signal above 5x the baseline rms,
— shift each waveform by its measured time such that it starts at t=0,
— and normalize each waveform by scaling it by the inverse of it’s integral.

After averaging these normalized waveforms, we then fit the average waveforms with
a CB function in order to obtain the CB parameters needed to reproduce the signal

shape in MC.
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With a Crystal Ball shape obtained from data, we can start to produce our MC
PMT waveform by normalizing the Crystal Ball function and then discretizing it
into 2 ns bins across a 1200 ns range. The timing of the digitized MC waveform is
constant for a given detector channel as we do not mimic the 12 ns digitizer timing
jitter seen in real data. Scaling the discretized CB function by the total deposited
energy in a given sub detector maintains the proportionality of the waveform integral
to the deposited energy, as depicted in Fig. A.10. Now, to get the MC waveform
peak to match the ADC amplitudes seen in data, we have to scale each waveform
again by a factor that is obtained by comparing the MIP integral distributions of
MC and TT12 data and measuring the ratio between the two.

After this final scaling, if the digitized peak is above the maximum value of the
digitizer then we mimic the waveform saturation seen in real data by setting the
peak values to the maximum value of the digitizer. An example of a MC digitized

waveform which mimics saturation is seen in Fig. A.11.
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FIGURE A.10. The digitized MC waveforms of the second preshower layer are shown
for varying initial electron energies.
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FIGURE A.11. A saturated MC digitized waveform for the Trigger/Timing layer is
shown.

For the calorimeter modules, the deposited energy to ADC scaling parameter
changes when we vary the PM'T HV or the presence of the optical light filter. This is
tracked via a database that stores the four combinations of settings between having
the HV at low or high gain and having the light filter in or out. The four calibration

calorimeter scaling values can be seen in Table A 4.

Calo Configuration | Calo Digi CB Scale Factor
Low-HV no-Filter 5.1
Low-HV with-Filter 0.51
High-HV no-Filter 153
High-HV with-Filter 15.3

TABLE A.4. The digitization scale factor for the Calorimeter are shown for the four
different run configurations.

The next step of the digitization process is to produce a noisy waveform baseline
that matches the data. The baseline rms distributions measured from the data show

that the noise is very similar for all channels and is around 3 ADC counts. The
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noise is dominated by the digitizer noise and thus does not change significantly with
different HV settings. The MC baseline mean is also obtained by measuring the real
data and is then smeared across a 1200 ns window using a Gaussian whose width is
3 ADC. At this point, we have all of the parameters needed to produce waveforms

from each detector type, where the CB waveform and baseline parameters can be

seen in Table A.5.

Calo VetoNu | Veto | Timing | Preshower

Basleine mean (ADC) 15650 15650 | 15650 | 15650 15650
Basleine rms (ADC) 3 3 3 3 3

CB scale factor Table A.4 | 7040 6840 4240 400
CB mean 820 815 815 815 846
CB sigma 3.67 5.0 3.35 3.21 4.0
CB alpha -0.32 -0.28 -3.2 -4.24 3.2
CBn 1000 1000 9.0 6.14 1000

TABLE A.5. The MC digitization parameters for each detector type are shown.

Finally, we subtract the scaled CB signal pulse from the noisy baseline and
then convert the waveform values to integers to obtain a discretized negative pulse
that mimics the raw waveforms in data. Assigning this digitized waveform its
corresponding detector identifier and saving it as a “Raw-Waveform” allows us to
send it through the waveform reconstruction chain, just as we would a waveform
from real data.

Several quality checks were done to ensure the digitized MC waveforms accurately
mimic those seen in FASER physics data. Figures A.12, A.14, and A.13 all show
comparison plots overlaying different distributions from reconstructed FASER data

and a reconstructed digitized MC muon sample. Although the comparison plots are

only shown for a single calorimeter module and preshower layer, the other calorimeter
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and scintillator modules all showed similar agreements between digitized MC and
data. Figure A.12 shows good agreement between the comparisons of the average
reconstructed waveform shapes, where the only significant discrepancy is that the
digitized MC waveform has a slightly larger amplitude because the CB fit often
overestimates the peak value, as discussed in Appendix A.1.1. Fig. A.13 shows good
agreement in the reconstructed baseline noise distributions, where an exact match
is not necessary as the noise is small compared to the expected signals. And lastly,
Fig. A.14 shows the two distributions of the reconstructed charge being centered
right on top of each other, yet the widths of the distributions differ as the MC does
not mimic the positional non-uniformaties of light collection that the real calorimeter

and scintillator modules experience.
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FIGURE A.12. Comparisons of the average normalized PMT waveforms are shown

between FASER physics data and a digitized MC muon sample for a calorimeter
module (LEFT) and a preshower layer (RIGHT).
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FIGURE A.13. Comparisons of the reconstructed waveform baseline RMS are shown
between FASER physics data and a digitized MC muon sample for a calorimeter
module (LEFT) and a preshower layer (RIGHT).
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shown between FASER physics data and a digitized MC muon sample for a

calorimeter module (TOP) and a preshower layer (BOTTOM).
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APPENDIX B

CALORIMETER ENERGY CALIBRATION

The FASER calorimeter consists of four LHCb outer ECAL modules, as discussed
in Sec. 4.3. To get an energy measurement from the calorimeter, we use a test-beam
to measure the calorimeter signal from electrons with known energies. Normalizing
the calorimeter response with that of the MIP signal allows us to then estimate the
initial electromagnetic energy of a particle outside of the test-beam, namely in the
TI12 tunnel where FASER is installed.

In this Appendix, I give an overview of the test-beam setup, followed by detailed
accounts of both the calorimeter energy calibration and the uncertainty measurement

for comparing the calibrated calorimeter energies between data and MC.

B.1 TEsT-BEAM

The test-beam measurements were carried out in July of 2021 at the H2 beam
line [94], located in the North Area experimental hall of the SPS at CERN. This
beam-line provided us with 85-150 GeV muons, 200 GeV pions and electrons with
an energy between 5 GeV and 300 GeV. The purity of the electron beam varied with
energy, but was estimated to be above 99% for most energies. The electron energy
spread was about 0.3% for most beam energies, though data was taken with looser
beam-collimator settings for energies above 150 GeV to allow for a higher particle
rate, but resulted in a larger estimated energy spread of 0.85-0.90%. For the energy
calibration used in this analysis, electrons with energies above 150 GeV were not used

due to the reduced statistics and larger energy spread.
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The detector setup deployed for test-beam measurements used a subset of the
detector systems from the FASER experiment, described in Sec. 3.2. The detector
setup is illustrated in Fig. B.1 and a picture of the final setup in the H2 beam line
is shown in Fig. B.2. The two VetoNu scintillators were placed furthest upstream
and were used to trigger events. A three layer FASER tracking station was placed
just downstream of the VetoNu scintillators, which was used to measure the position
and trajectory of charged particles. The remaining downstream detector systems
were the preshower station followed by the calorimeter, where two additional spare
calorimeter modules were used such that there were 6 total calorimeter modules.
The full setup was located on a large, movable scissor table which could move both
vertically and horizontally to accurately change the position of the detector with

respect to the beam line and thus illuminate different parts of the setup.

3 layer
tracker
station Six calorimeter
modules
Beampipe movable
Trigger table

Scintillato

FIGURE B.1. A diagram of test-beam setup, where the beam-line is coming in from
the left.

The test-beam data was recorded using the same FASER digitizer, TRB, and TLB
that were described in Sec. 4.4.1. Similarly, the reconstruction of the data was also

done in the same way as described in Sec. 4.4.2, although the single tracking station

140



FIGURE B.2. A photo of test-beam setup in the H2 beam line. During operation,
the detector apparatus would be raised such that it is at the same height as the
beam-line.
in the test-beam setup only provides track segments and not fully reconstructed
multi-station tracks.

Apart from the calorimeter energy calibration, the test-beam data was also used

to characterize the response of the different sub-detectors and compared with MC

simulation in order to improve the simulated geometry description [95].

B.2 ENERGY CALIBRATION

The first step in the calibration of a calorimeter module is to compare the signal
PMT charge Qgigna to the most probable value (MPV) of the MIP PMT charge
distribution @,. Unfortunately, while we are collecting physics data, we can not see
the small MIP signal as we install a light filter and use a low-HV for the PMT such
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that we are not saturated by EM showers in the TeV range. In order to know how
large our signal charge is with respect to the MIP signal, Nj,;rp, one has to measure
the MIP signal at a higher PMT HV setting and then apply a correction, labeled
GainRatio, to extrapolate the PMT charge of the physics signal from the low-HV

to the high-HV settings of the PMT:

sianal X GainRatio
Nuyip = Quigna 0 (B.1)
o

The process is similar for calibrating both the TI112 data and the MC samples,
with the main difference being that the GainRatio for the TI12 data is obtained
by comparing the PMT HV gains, whereas the GainRatio for the MC is obtained
by comparing the different digitization scaling parameters between the sample being
analyzed and the muon sample used to measure @),,.

Once we know how large the signal charge is with respect to that from a MIP, we
can use 2021 test-beam data to estimate the initial EM energy (Eg),) of the particle

entering the calorimeter via:

Erp

o (B.2)
N

Epyv = Nuyrp X

where Epp is the energy of an electron test-beam and NZ/F, is the average size of
the signals from that test-beam with respect to the MIP signal.
The remainder of this section will give a detailed description of the steps in the

FASER calorimeter energy calibration.
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B.2.1 TIi2 MIP Normalization

To measure ), in TI12 FASER data, we start by selecting clean single muon
events in each calorimeter module. This is accomplished by requiring that the veto
and preshower triggers fired in coincidence, there is one and only one reconstructed
track and it has measurements in all three tracking stations, and that the track is
within distinct regions of the calorimeter module area when extrapolated to the face
of the calorimeter. The regions of the calorimeter module area used to measure @), are
shown for a given calorimeter module in Fig. B.3. Comparing the MIP distributions
from the three different cuts show that the MPVs do not change by more than 1%.
As you can see, there is a hot spot in the calorimeter where the MIP passes through
the PMT and leaves extra charge, which is why we exclude this region in our track
position cuts. The track position cuts also include some area of the magnet material
at R>100 mm, but this does not seem to have a large effect on the measured MPV
as the different position cuts still agree to within 1%.

After using the event selection to get a clean sample of MIPs, we then fit the
MIP charge distribution in order to measure the MPV of the distribution.

Because the waveform noise can be significant enough to smear the MIP charge
distribution in the calorimeter and bias the MPV, correcting for the noise is
important. For this reason, the raw integral of the waveform is used for producing the
MIP charge distribution, as correcting for the noise in the raw integral measurement
is much more straight forward than correcting for the noise in the fitted integral
measurement. An example of a uniform distribution smearing an asymmetric
distribution and changing the MPV can be seen in Ref. [96]. Where, in our case, it is
the uniform Gaussian noise distribution that smears the asymmetrical Landau MIP

charge distribution. In order to account for this effect, we fit the distributions with
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FIGURE B.3. The above plots show the calorimeter channel-0 MIP charge
distributions (TOP) and the charge vs position (BOTTOM) for three different track
position cuts. The cuts are depicted by the black rectangle in the bottom scatter
plots. The distribution above each scatter plot corresponds to the charge distribution
using that cut. The bright yellow spot in the bottom plots depict the area where the
MIP goes through the PMT and prooduces a larger signal. The data is from FASER
runs 8715 and 8717, where the calorimeter is at high gain and has the light filters
installed. The charge distributions are fit with a Landau+Gaussian convolution
function, described in the text, over the whole histogram range (Red) and also over
-0.5 to +1.0 standard deviations around the MPV (Blue).

a Landau convoluted with a Gaussian whose width is equal to the waveform noise
rms measured from charge distributions of randomly triggered events. Because the
noise in all of the PMT waveforms is dominated by the digitizer noise, the measured
noise in the charge distributions was similar for all calorimeter modules, with values
~0.14 pC. We then use the Landau MPV fit parameter of the convoluted fit to back

out the true Landau MPV without the noise smearing effect. This was tested on

a toy model, where a landau distribution was smeared with a Gaussian of varying
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width and the resulting distribution was fit with both a regular landau function and
a landau+Gaussian convolution function. The MPV measurements from the two fits
on the toy model were compared to the MPV of the original landau distribution, as
shown in Fig. B.4, where the landau+Gaussian convolution fit was able to retrieve

the MPV of the original landau distribution.
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FIGURE B.4. The results are shown for comparing the original MPV of a toy
model with the MPV from two different fits. The toy model is a landau distribution
with a MPV = 1.45 pC and width = 0.27 pC, that is then smeared by a Gaussian of
varying width. The simple landau fit shows the bias in the MPV due to the Gaussian
noise, whereas the landau+Gaussian convolution fit described in the text allows us
to measure the MPV of the original Landau distribution regardless of the noise.

To improve the convergence of the fit, the charge distributions are first fit with a
pure Landau function, whose parameters are then used as initial parameters of the
Landau+Gaussian convolution function fit over the full range of the histogram. We
finally zoom in on the MPV and fit a region of -0.5 to 1.0 standard deviations around
the MPV with a Landau+Gaussian convolution function again, where the MPV of
this final fit is the MIP charge MPV (Q,,) that is used in the energy calibration.
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The MIP charge distribution and the fits used to obtain @), for each calorimeter

module are shown in Fig. B.5.
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FIGURE B.5. The above four plots show the MIP distributions used for the
calibration of each TI12 calorimeter module. The data is from FASER runs 8715 and
8717, where the calorimeter is at high gain and has the light filters installed. The
distributions are fit with a Landau+Gaussian convolution function over the whole
histogram range (Red) and also over -0.5 to +1.0 standard deviations around the
MPYV (Blue). The Gaussian width used in the fit function was measured
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B.2.2 PMT HV Gain Curves

Because (), can only be measured in special runs with high-gain PMT settings,
PMT HV gain curves are used to extrapolate the signals seen during low-gain physics
running to the high-gain settings that were used to measure Q.

The PMT HV gain curves used in the calorimeter calibration were obtained from
analyzing 2021 test-beam data, where calorimeter PMT charge distributions resulting
from a 75 GeV electron beam were measured with varying calorimeter PMT HV
settings. To select clean electron events in a given calorimeter module, the following

event selection was applied to the test-beam data:
— triggered by coincidence of the two VetoNu trigger layers,
— a signal greater than 10x the noise rms is seen in both preshower layers,

— and one and only one track segment exists which is linearly extrapolated to

the calorimeter and is well within the transverse area of the module.

The PMT charge distributions are then fit with a CB function and the mean of the fit
is plotted against the PM'T HV. For easier comparison of the HV gain curves, the gain
is scaled by 107% x (1700/V)5¢ to remove the expected first-order HV dependence
that comes from the electron multiplication in the PMT’s dynodes. The curves are
then fit with a 5 degree polynomial as seen in Fig. B.6 and the fits are stored in a
database. The plots in Fig. B.6 also show gain curves measured with LED signals,
where LED pulses were periodically flashing into the calorimeter modules throughout
the time that the 75 GeV electron beam data was being collected. A designated LED
trigger was implemented that allowed for the LED events to be easily selected apart

from the electron test-beam events. The PMT charge distributions from the LED
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events were then fit with a Gaussian, whose mean was plotted against the HV in
order to create the HV gain curve. As you can see, the two ways of measuring the
HV curves show very little difference at the high-HV value of 1400 V and also at

the low-HV value of 850 V which are used during physics running.
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FIGURE B.6. PMT HV gain curves, described in the text, are shown for the four
PMT’s used in the TI12 Calorimeter. The HV gain curves were measured with a
75 GeV electron beam (Green) and an LED signal (Red) during the 2021 test-beam
period. The data points show the mean PMT charge measurement vs PMT HV and
the curves show a 5-degree polynomial fit of the data.

To utilize these curves and obtain a ratio for extrapolating a signal to the HV
settings that were in place when recording the MIP PMT charge distribution, we

use:

f(HV,)
f(HVsignal)

HVM )6.6

( HVSignal

GainRatiogaq = (B.3)

148



where f(V') is the HV gain curve fit, HV, is the PMT HV setting used when
measuring @, and HV;g,q is the PMT HV setting used when recording the data

that is being calibrated.

B.2.3 MC MIP Normalization

Similarly to the calorimeter calibration in the TI12 physics data, we also calibrate
the MC samples by comparing the signals to the MIP scale, ), which is measured
from a 100 GeV MC muon sample.

For measuring the MC MIP charge distribution, we use the same event selection
and cuts as used for the TI12 data, except we do not require the veto and preshower
coincidence trigger as we don’t have trigger information in the MC samples. After
the event selection, the MIP charge distribution is fit in the same was as the data in
order to extract the MPV. The MC MIP MPYV of the charge was found to be 2.14
pC for each calorimeter module, as they are identical in the simulation.

The MC muon sample used for the measurement of ), was digitized such that it
mimics the signal size of TI12 MIP data when the PMT HYV is at high gain. All other
MC samples in this analysis, such as the dark photon signal samples, were digitized
to mimic the data taken with a low-HV PMT setting. In order to calibrate these
low-HV MC samples to the MIP scale, we do not need to use HV gain curves to
extrapolate from low-HV to high-HV PMT settings as we did in data, but rather we
simply scale the MC PMT charge by a factor of 30, which is the ratio of the waveform

scale parameters used in the digitization of the low-HV and high-HV PMT samples.
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B.2.4 EM Energy Calibration

At this point, the calibration steps tell us how large the signal is compared to
a MIP in both MC and TI12 data via Eq. (B.1), and we can now simply scale this
value to get a rough estimate of the initial EM energy following Eq. (B.2). For this,
we turn to the 2021 test-beam data to compare calorimeter signals from electrons
of known energies to signals from muons. First, we calibrate the test-beam data
following the same calibration steps described previously, such that the calorimeter
signals are normalized to the MIP scale and can be expressed as Ni/Z,. We fit the
N1B, distributions for each electron test-beam energy with a CB function, and take
the mean of the CB fit to be N1 5,. Plotting the electron test-beam energy divided
by NIB, for various electron test-beam energies, as depicted in Fig. B.7, shows that
there is an energy dependence to Erp/NiZ,. If there were no energy dependence,
then the value of Erp/NI5, would tell us the initial energy of an electron that
produces a signal in the calorimeter of equivalent size to the signal from a MIP. This
is not the case though, because the ratio of the EM shower lost in the preshower is
dependent upon the electrons initial energy due to the depth of an EM shower scaling
with log(E). There could also be an energy dependence due to punch-through at
high energies causing losses out the back of the calorimeter, but simulations have
only shown a small, 1-2%, effect when the energies of the electron are in the TeV
range. The current calibration does not try to correct for either the preshower or
punch-through effects and instead simply uses a constant value of Erp/NIF, =
330 MeV, which is the value LHCb measured in a test-beam with no material in

front of the calorimeter modules [97]. In this case, the initial EM energy can be
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estimated in both data and MC via:

Egy = Nygp x 330 MeV. (B.4)

This rough estimate of Egj; could be improved, but an accurate calibration to the
absolute energy scale is not important for this dark photon analysis, and rather we

only care about the agreement between the energy calibrations of the MC and data.
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FIGURE B.7. The initial test-beam energy (FErp) divided by the average MIP-

normalized signal size N7, in calorimeter module 0 is shown across electron beam

energies ranging from 5 to 300 GeV. The dashed blue line shows the 0.33 GeV value
used in the simple estimate of Egyy.

B.2.5 Correction to MC Calibrated Energy

In performing the same calibration procedure as described above on the 2021
test-beam data and MC, it was noticed that the calibrated energy of the MC was

consistently less than the calibrated energy of the test-beam data across all beam
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energies studied. There are several reasons to think that the MC is not perfect,
for example we know we mis-modelled the density of the thin light-reflecting Tyvek
layers in the Calorimeter. To quickly correct the MC, we can scale it’s calibrated
energy up to match the calibrated energies as seen in the test-beam data.

A MC correction factor of +8.8% was obtained from comparing the average
calibrated energy in each of the six test-beam calorimeter modules with the MC
calibrated energy at 100 GeV. After scaling up the MC calibrated energy by this
correction factor, there is much better agreement between the data and MC, as
shown in Fig. B.8. Yet, the dependence of the beam energy upon the calibrated
energy still differs between the MC and data.

Because the MC geometry of the detector systems is the same for the test-beam
and TT12 simulations, we apply the same 8.8% correction to the TI12 MC calibrated

energies as well.
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FIGURE B.8. The normalized calibrated energies for the 2021 test-beam data and
MC are shown. Each color of the dots represents the calibrated energy at one of the
six calorimeter modules in the test-beam setup, whereas the squares with the line
represent the corrected MC calibrated energy.

152



B.3 UNCERTAINTY IN COMPARING DATA AND MC ENERGIES

For a physics analysis like the dark photon search, a calorimeter energy cut is
applied to separate the large signal EM showers from the low energy backgrounds.
The effect of that cut on the sensitivity of the analysis is determined in MC by
applying the same cut to the MC calibrated energy of the signal sample. Thus, the
uncertainty due to the calorimeter energy cut comes from the relative uncertainty
of how well the calibrated energies agree between MC and data, and it is not the
uncertainty on the absolute energy calibration.

In measuring this uncertainty for comparing the TI12 data and MC energy

calibrations, I have split the uncertainties into four main groups:

1. Uncertainties in TI12 data calibration

— MIP MPV fit uncertainty
— HV gain extrapolation uncertainty

— PMT drift over time uncertainty

2. Uncertainties in T112 MC calibration

— MIP MPYV fit uncertainty

3. Uncertainties in correction on MC calibrated energy

— Test-beam data calibration uncertainty
— Test-beam MC calibration uncertainty

— Uncertainty due to different energy dependence in test-beam MC and data

4. Uncertainties from other differences in MC and data
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— Uncertainty from differences in edge loss

Where we are comparing the calibration for data and MC, so the overall uncertainty
includes the individual uncertainty in the calibration of the data and the individual
uncertainty in the calibration of the MC. Furthermore, since we correct the MC
calibration using the test-beam, there is also an uncertainty associated with that
correction. Finally, non-calibration related differences in the MC and data also
contribute an uncertainty to the overall comparison of the two.

All of the relevant uncertainties and how they were conservatively estimated will

be described in the remainder of this section.

B.3.1 Uncertainties in T112 MIP Normalization

There are several factors that go into normalizing the TI12 data to the MIP scale
and that can contribute to the uncertainty in the calibration.

The first uncertainty we will mention is that in fitting and extracting the MPV
of the MIP PMT charge distributions, as described in section B.2.1. To measure
this uncertainty, we can use the fit uncertainty of the MPV measurement in each
calorimeter MIP PMT charge distribution as shown in Figure B.5. The uncertainties
are small at 0.39%, 0.34%, 0.38%, and 0.37% for calorimeter modules 0, 1, 2, and 3
respectively. Adding the errors in quadrature gives a total uncertainty of 0.74% due
to the statistical uncertainty of measuring the MPV. Another way to show that this
uncertainty is indeed small is to compare the MIP MPV measurements from three
different regions of each calorimeter module, as depicted in Figure B.3. Taking the
standard deviation of the MPV measurements from the three different regions gives
uncertainties of 0.49%, 0.93%, 0.11%, and 1.6% for calorimeter modules 0, 1, 2, and

3 respectively. Adding the errors in quadrature gives a total uncertainty of 1.90%

154



due to the MIP MPV measurement varying for different regions of the calorimeter
module. This second way of measuring the uncertainty in the MPV PMT charge
measurement is likely an overestimate as it is dominated by a few of the areas being
very near the edges of the calorimeter, where there could be significant loss out
the side which biases the MIP PMT charge distributions. Regardless, we take the
conservative approach and use the larger uncertainty measurement of 1.90% in the
total uncertainty calculation.

Another area that contributes to the uncertainty of the TI12 data energy
calibration is that of the HV gain extrapolation, described in section B.2.2. For
this uncertainty measurement, we compared the gain extrapolations from high-HV
to low-HV (approximately 1430V to 850V, module dependent) for the two different
ways of measuring the HV gain curves, as shown in Fig. B.6. Taking the difference in
the gain extrapolation from the two curves gives uncertainty measurements of 0.16%,
1.00%, 2.36%, and 2.18% for calorimeter modules 0, 1, 2, and 3 respectively. Thus a
combined uncertainty of 3.37% is attributed to the HV gain extrapolation.

The last significant uncertainty contributing to the TI12 data energy calibration
is the possibility of the PMT response changing with time. Applying steady LED
light signals to the PMTs over the course of two months, as depicted in Fig. B.9,
shows that the PMTs are quite stable and the response of the PMTs mostly change
in unison, due to the LED intensity shifting with temperature. The spread of the
normalized LED PMT charge over time depicts the drift of the PMT response, which
is <1%. Another way of measuring the PMT drift over time is to compare the MIP
MPV charge measurements obtained from two different time periods. For this, we
use the two different times in 2022 that we ran at high gain in order to see the MIP

signal, which were on September 30th (runs 8715 and 8717) and October 25th (runs
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8932 and 8933), and calculate the difference in the MIP MPV to get uncertainties of
0.66%, 1.09%, 0.11%, and 0.68% for calorimeter modules 0, 1, 2, and 3 respectively.
The combined uncertainty of 1.45% is used even though it is likely an overestimate

as it includes the uncertainties of fits in measuring the MIP MPVs.
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FIGURE B.9. The mean calorimeter PMT charge from LED pulses are shown
normalized to the first measurement and spanning a two month period. The trend
of each PMT response seems to vary in unison with the other calorimeter modules,
depicting the LED intensity changing with temperature. The spread of the PMT
responses over time depicts the PMT drift, which is < 1% over this time period.

B.3.2 Uncertainties in MC MIP Normalization

The uncertainty attributed to the normalization of the MC to the MIP scale,
described in section B.2.3, is much less than that of data because the only

measurement that goes into the MC normalization is that of the MIP MPV.
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The uncertainty in fitting and extracting the MPV of the MC MIP PMT charge
distributions is estimated via differences in the MPV measurements from the four
calorimeter modules. In MC, the four calorimeter modules are identical and thus we
expect them to have the same MIP PMT charge distributions. An uncertainty of
1.16% in the MPV extraction was measured from the standard deviation of the four
separate MPV measurements for each calorimeter module. The MC MIP charge
distributions had relatively low statistics and it is expected that this uncertainty
should go down considerably if the calibration was repeated on a larger statistics

sample.

B.3.3  Uncertainties in Correcting MC Calibrated Energy

The correction on the MC calibrated energy, as described in section B.2.5, was
obtained from comparing the calibrated energies of a 100 GeV electron beam in
the test-beam data and MC. Thus the uncertainties associated with this correction
include the uncertainties in the calibration of both the test-beam data and the test-
beam MC. In addition, because the test-beam data and MC showed different energy
dependencies, there is an additional uncertainty in the correction if we are looking
at energies other than 100 GeV.

For the uncertainty in the calibration of the test-beam data, we do not have
to add up the individual uncertainties that go into the calibration like we did for
the calibration of the TI12 data. Instead, in the test-beam, we have the measured
calibrated energy from distinct energy electron samples in each of the six test-beam
calorimeter modules which can be compared to one another in order to achieve
an uncertainty on the average calibrated energy, which is what was used when

calculating the MC correction factor. The standard deviation of the calibrated
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energy in the six different calorimeter modules at an EM energy of 100 GeV gives
an uncertainty of 0.74%.

As for the uncertainty in the calibration of the test-beam MC, we have to take
into account that the calibration was done on old MC samples that were not digitized
to look like real raw data waveforms. Instead, the test-beam MC samples used in
measuring the correction factor were simply calibrated to the MIP scale by comparing
the Geant4 deposited energies of the electron samples to the MPV of a Landau fit on
the Geant4 deposited energy distribution of a 150 GeV muon sample. Thus there is
an uncertainty coming from applying the correction factor, obtained from comparing
un-digitized MC to data in the test-beam, to the digitized TI12 MC. To get an
estimate of this uncertainty due to the test-beam MC not being digitized, we take
the difference in the calibrated energies from a 100 GeV electron sample in both the
old test-beam MC and the digitized TT12 MC, which results in a 2.35% uncertainty.

Lastly, since there is disagreement in the energy dependence of the test-beam
data and MC calibrated energies, and we measured the correction at 100 GeV but
will be using a calibrated energy cut of 500 GeV in the dark photon analysis, we
must account for the uncertainty due to the disagreement in the calibrated energies
between test-beam data and MC at 500 GeV. We only have test-beam data with tight
beam-collimator settings (low beam energy spread) up to electron energies of 150 GeV
for all six calorimeter modules, and thus need to extrapolate the calibrated energies
of data and MC to 500 GeV in order to compare the two. Instead of extrapolating
the MC, we could of course simulate a 500 GeV electron sample, but this has yet
too be done. To extrapolate the calibrated energies of data and MC to 500 GeV,
we linearly fit both the corrected MC test-beam calibrated energies and the average

test-beam data calibrated energies, obtained from averaging the calibrated energy of
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each of the six test-beam calorimeter modules, as seen in Fig. B.10. The simple linear
extrapolation to 500 GeV provides a rough overestimate of the difference between MC
and data as both should be approaching an asymptote and their rate of divergence is
expected to decrease with higher energies. Using this conservative approximation of

the difference in test-beam data and MC at 500 GeV gives an uncertainty of 2.46%.
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FIGURE B.10. This figure depicts the extrapolation done on the test-beam data
and MC calibrated energies to estimate the difference at 500 GeV. The average data
points were obtained from averaging the calibrated energy of each of the six test-beam
calorimeter modules. The MC calibrated energies here include the 8.8% correction
factor used to make the MC and data agree at an EM energy of 100 GeV. Both
data and MC were linearly fit using the range from 50 to 150 GeV, then this fit was
used to extrapolate the calibrated energies to 500 GeV, resulting in an approximated
difference of 2.46% at 500 GeV.

B.3.4  Uncertainties from other differences in MC and data

Apart from the factors that go into the energy calibration, other differences in
MC and data can also contribute to the uncertainty when comparing the two. One

such case is the lateral shower development in the calorimeter and the loss out the
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edges. These positional dependencies can be compared in test-beam data and MC as
shown in Fig. B.11, where there is little difference in data and MC up until 20 mm
from the edge, at which point small inaccuracies in the MC calorimeter positions can
produce large discrepancies in MC and data when right at the edge.

For the dark photon analysis, we require the track to be within the magnetic
aperture and thus the particles should never get closer than 20 mm to the edge of
a calorimeter module. To measure an uncertainty due to the different positional
dependencies in MC and data, we use the most extreme differences measured in the
test-beam when further than 20mm from the edge, and thus obtain an uncertainty

of 2.5%.

B.3.5 Total Uncertainty

The previously mentioned uncertainties are summarized in Table B.1, where
the combined uncertainty in comparing the calibrated energies in data and MC at
500 GeV is measured to be 6%.

This conservative uncertainty measurement was validated by comparing the
E/p distributions of photon conversion events in both data and MC, as discussed

in Sec. 9.2.
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FIGURE B.11. The above plots depict the difference in test-beam MC with regards
to lateral shower development and loss out the edges of a calorimeter module that
is centered at X=0 and Y=20 mm. The top plots show the normalized calorimeter
responses in both data (Blue) and MC (Green) for 30 GeV electrons traversing the
edge of a calorimeter module in X (Left) and Y (Right). The edge in X is adjacent
to another calorimeter module that is not being read out, whereas the edge in Y is
accompanied by just air. The bottom plots show the % difference in the data and
MC vs position. The dashed red line shows the position approximately 20 mm from
the edge. The positions are obtained from linearly. extrapolating the track segment
in the test-beam tracking station to the face of the calorimeter. For the scan across
X (left plots) we restrict the Y position to be within -10 and 0 mm, and for the scan
across Y (right plots), we restrict the X position to be between 20 and 30 mm.
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Uncertainty Description Measured Uncertainty
TI112 data: MIP MPV fit 1.90%

TT12 data: HV gain extrapolation 3.37%

TI12 data: PMT drift over time 1.45%

T112 MC: MIP MPV Fit 1.16%

MC energy correction: test-beam data calibration 0.74%

MC energy correction: test-beam MC calibration 2.35%

MC energy correction: Extrapolate difference to 500 GeV 2.46%

Other: Edge loss and positional dependence 2.5%

Total 6.06%

TABLE B.1. This table summarizes all uncertainties and their respective values
when comparing the calibrated energies of data and MC at 500 GeV.
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APPENDIX C

VALIDATING TWO-TRACK RECONSTRUCTION WITH DELTA RAYS

Delta-rays in FASER are produced from high-energy muons interacting in
upstream material and kicking out an electron, thus providing events with two
tracks of a common origin that can be used to probe the two-track reconstruction
differences in MC and data. Unlike the two high momentum e*e™ particles from
the dark photon, these delta ray events include a high momentum muon and a low
momentum electron, whose distribution is shown in Fig. C.1, that will likely be more
separated than the ~TeV dark photon tracks. Nonetheless, delta rays can still be
used to validate the results of the track overlay study described in Sec. 9.2, which

found a 7% discrepancy in the two-track reconstruction efficiency between data and

MC.
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FIGURE C.1. The reconstructed momentum of the delta-ray candidate track is

shown for both data and the Fluka MC sample described in Chapter V. To normalize
the two distributions, both were scaled by the inverse of their total number of entries.
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Selecting delta-ray candidate events from both data and the Fluka MC sample
is done by first requiring at least one good reconstructed track that looks like an
electron. This is accomplished by selecting tracks which have the curvature of a
negatively charged particle, and whose reconstructed momentum is similar to the
electromagnetic energy measured in the calorimeter. Requiring that the signal of
the downstream preshower layer is at least twice as large as the upstream layer is
also used to pick out electromagnetic showers. Once we have a reconstructed track
from an electron, we enhance the two-track topology of the event selection without
explicitly requiring that a second track was reconstructed; which is done by cutting
on the charge of the scintillators, number of clusters, and track segment multiplicity
to suggest at least two charged particles passed through the detector.

Now that we have selected candidate delta ray events, we can look at the
number of reconstructed tracks to see if the accompanying muon track was missed (1
track reconstructed) or if it was successfully reconstructed (2 tracks reconstructed).
Comparing the reconstructed track distributions in Fig. C.2, shows that the
discrepancy in the two-track reconstruction efficiency between data and MC agrees,
within error, to the 7% value found in the track overlay study.

Also, when looking at the upstream track separation of delta ray events that have
two successfully reconstructed tracks, and zooming in to the smallest separations,
as depicted in Fig. C.3, we see successful reconstruction of tracks that are only
separated at the tens of microns level; giving assurance that we can reconstruct the

finely separated tracks from the dark photon decay.
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FIGURE C.2. The reconstructed track multiplicity in the delta-ray control sample
described in the text is shown. The distributions for both data and MC are shown
on the TOP. The ratio of MC to data is shown on the BOTTTOM plot, where the
MC was scaled to match the total number of candidate delta ray events in data.
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tracking stations, in the delta-ray sample in data and MC simulation. The MC was
scaled to match the total number of candidate delta ray events in data.
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APPENDIX D

B-L GAUGE BOSON

The dark photon analysis presented in this paper was also used to probe the
parameter space of the BSM B — L gauge boson A%z ;, and is discussed in this
appendix.

The accidental conservation of baryon number B and (total) lepton number L
in the SM suggests that these conserved quantities may be linked to local gauge
symmetries, such as the U(1)g_p [98, 99]. This local gauge symmetry is not only
conserved classically, but is also free of quantum anomalies when three sterile (right-
handed) neutrinos are introduced. Much like the BSM dark photon extension, the
U(1)p_y kinetically mixes with the SM U(1)y gauge symmetry and predicts a new
BSM particle, the B — L gauge boson A’;_;, that can interact with the SM. The

properties of Ay ; are determined by the Lagrangian terms [14]

1 _
L5 2 migiLAlgfL —9B-L Z Qé—LAlBqu fnf s (D.1)
f

where Qg_ ; is the B — L charge of fermion f. The parameter space of this model

is defined by the B — L gauge boson’s mass my,  and the B — L gauge coupling
9B-L-

The Az, gauge boson models that FASER is sensitive to are produced in a

similar manner to the dark photon, discussed in Sec. 2.3.2, with light meson decays

and dark bremsstrahlung the dominant production mechanisms. The production

2

rates are proportional to g% ;, compared to € as in the dark photon model. For

masses in the MeV to GeV range and small B — L gauge couplings of ~ 107°, up to
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108 A’;_; gauge bosons may be produced in ~ 300fb~! of proton-proton collisions
at the LHC and travel invisibly hundreds of meters towards FASER [14, 100].

The boson can decay to all kinematically accessible states that possess B — L
charge. In this analysis, the region of phase space which FASER is sensitive to is
confined to the mass range 2m, < m A, < 2m,, ~ 211 MeV, where the possible
decays are to electrons, SM neutrinos, and possibly sterile neutrinos. It is assumed
that sterile neutrinos have masses > %m Ay, and so decays to sterile neutrinos are
kinematically inaccessible. The visible signal from decays to electrons therefore has
a branching fraction of B(A; _; — ete™) ~ 40%. If decays to sterile neutrinos are
allowed, the visible branching fraction could be as low as B(A; ; — eTe™) =~ 25%.
This sudden decay into high energy eTe™ particles in FASER produces a signal
identical to the dark photon scenario.

With an identical signal, the dark photon analysis can be directly reinterpreted
to probe the A%z ; gauge boson. The dark photon event selection, described in
Chapter VII, is applied to MC B — L signal samples, which cover the relevant ranges
in both mu,.and gp_r, in order to measure the sensitivity of the analysis on the
Ay, parameter space. The B—L signal events are generated using FORESEE [66] with
the EPOS-LHC [13] generator, just like the MC dark photon signal samples as discussed
in Chapter V. Even the parameterization of the uncertainties on the number of dark
photon signal events decaying inside the FASER decay volume, discussed in Sec. 9.1,
can be directly applied to the A%;_; analysis because the production mechanisms are
so similar. To be sure, the parameterization of the signal generator uncertainty was
checked for numerous A%;_; signal models spanning the relevant parameter space,
and was found to be in good agreement with the envelope of the QGSJET II-04 [78§]

and SIBYLL 2.3d [79] generators.
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FIGURE D.1. 90% confidence level exclusion contours in the B — L gauge boson
parameter space are shown. Regions excluded by previous experiments are shown in

grey.

The null results, discussed in Chapter X, of the analysis provides exclusion
contours for the B — L gauge boson, as shown in Fig. D.1. In grey are the regions
already excluded by experimental data from Orsay [88, 89] and NuCal [67, 90] as
adapted from DarkCast [9], as well as from a dedicated search for invisible final
states by NA64 [101]. FASER provides the first exclusion for models in the range
g1, ~5x107% -2 x 107° and my,  ~ 15 MeV — 40 MeV, with a total region

between g1, ~ 3 x 1070 —4 x 107 and m,_ ~ 10 MeV — 50 MeV excluded.
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