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Abstract

The so far unresolved question of the nature of dark matter has led to the develop-
ment of a multitude of particle physics models that all meet current experimental
and theoretical constraints, but differ greatly in the experimental signatures they
predict. One idea that has been gaining popularity is that there could be a whole
family of dark matter particles, forming a so called ’dark sector’ that interacts only
very feebly with regular matter. In this thesis we investigate a hypothetical strongly
interacting dark sector that confines at the GeV scale, which results in the produc-
tion of a shower of dark sector mesons, including a long-lived neutral particle. This
would result in a displaced vertex signature at e*e™ colliders such as the Belle 11
experiment. We provide a brief overview of current evidence for Dark Matter and
existing constraints to motivate the choice of a QCD-like dark sector with a dark
photon mediator, as well as a detailed description of the Belle II detector which has
an excellent sensitivity to displaced vertex signatures. After briefly summarizing
the model, we describe the general search strategy, examine possible sources of
background, and test the feasibility of a zero-background analysis. We find that,
while not all signatures can be investigated in the zero-background case, the model
offers a large parameter space that can be well investigated at Belle II with cur-

rently available data.
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Lay Summary

We know from a range of experiments that there is a mismatch between the amount
of matter we can see, and so the amount of mass we can measure, compared to
what our laws of gravity predict. This leads to the theory that one or more particles
exist that can interact through gravity but do not interact frequently with light or
regular matter. Because of its infrequent interactions, this supposed Dark Matter
is difficult to detect, let alone measure, but we are able to put some constraints
on properties such as its interaction strength and its relative abundance. In this
thesis we investigate a particular model of Dark Matter and discuss strategies of
how we can search for the unique experimental signature it predicts. We find that
current particle physics experiments such as Belle II are well suited for this kind of

investigation and predict promising results in the future.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is thus far one of the most rigorously
tested scientific theories and has been incredibly successful at describing funda-
mental particles and their interactions, at least at currently achievable energies and
experimental precision. It is generally formulated as a perturbatively renormal-
izable quantum field theory which describes three of the four fundamental forces
of nature: the strong force, the weak force, and the electromagnetic force, with
gravity being the notable omission. Despite its unparalleled success the Standard
Model leaves important gaps, not just in relation to gravity but also including but
not limited to the issues of Neutrino Mass, Charge-Parity (CP) violation in the
Quantum Chromodynamics (QCD) sector, matter-antimatter asymmetry, Dark En-
ergy and Dark Matter. Of these issues the search for a Dark Matter (DM) candidate
is especially interesting since theoretical models are strongly limited by existing
cosmological and astrophysical observations while the predicted potential Dark
Matter particles may be largely accessible in existing particle physics experiments.
This means we can make strong predictions about a given model’s phenomenol-
ogy and can immediately apply them to search strategies for datasets that are either

currently available or will be in the near future.



1.1 Evidence for Dark Matter

The existence of Dark Matter is on firm theoretical ground with evidence for it
coming from multiple different observations. The four most commonly cited ones
are briefly explained below while a more extensive list can be found in reference
[22].

1. The most well-known evidence comes from the observation of galaxy rota-
tions. We can measure the orbital speed of luminous matter, i.e. stars and
gas, in spiral galaxies and see a noticeable discrepancy between our obser-
vations and what we would predict based on Newton’s law of gravity. We
know that the gravitational force must be, at least approximately, equal to the
centrifugal force. As the density of visible matter decreases we expect the
orbital speed to drop as % where r is the orbital distance, but observations
of many spiral galaxies show that their orbital speed approaches a constant
value. To resolve this discrepancy while retaining Newton’s law of gravity
it is hypothesized that there must be a large sphere of Dark Matter around
(most) galaxies. This was first noted by Vera Rubin and Kent Ford [23].

2. Similarly, an analysis of galaxy clusters provides evidence through the virial
theorem. The virial theorem lets us relate the total kinetic energy of a stable
system of discrete particles to the total potential energy of the system, which
applied to galaxy clusters lets us relate the total mass contained in the cluster
to the average speed at which individual galaxies move. Fritz Zwicky was
the first to note that, when applied to the Coma cluster, the virial theorem
predicts its total mass to be magnitudes larger than the detectable luminous
mass, which points to the existence of a large amount of non-luminous, i.e.
dark, matter [30]. Later analyses significantly revised the results but the

conclusion remains the same [6].

3. Gravitational lensing, i.e. the fact that the path of light is bent by mass
between the source and the observer, is another mechanism that provides ev-
idence for Dark Matter. Most famously, we can define the center of mass the
two colliding subclusters that make up the Bullet Cluster, shown in Figure

1.1, and compare it to the center of mass as measured through gravitational
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lensing. We see that these two centers are displaced from another, which can
be explained if the clusters contain a large amount of non or only weakly
interacting Dark Matter while the visible matter is slowed through electro-

magnetic interactions [9].

Figure 1.1: The composite image shows galaxy cluster 1E 0657-56, also known
as the "Bullet Cluster”. Hot gas is shown in pink while the blue ar-
eas show the mass concentration as determined using gravitational
lensing. Most of the mass is visibly separate from the normal matter,
providing evidence that the matter in the cluster is dark [29].

4. Lastly we can quantify the amount of Dark Matter in our universe from mea-
surements of the cosmic microwave background. The Cosmic Microwave
Background (CMB) is a remnant from cosmic recombination, when elec-
trons combined with nuclei, decoupling the photons and making the universe
transparent. The resulting radiation almost resembles an ideal black body
with a temperature of 2.7K with only incredibly small fluctuations. These
anisotropies were measured by a series of satellite missions, most recently
by the Planck satellite. We can relate their power spectrum to the acoustic
oscillations of the baryon-photon fluid, which lets us measure the relative

baryon and Dark Matter densities [2].



1.2 Properties of Dark Matter

Before delving into the details of particle Dark Matter, it is necessary to mention
that these pieces of evidence can also be explained by other theories, for example
by modifying the law of gravity. Some relativistic theories of modified gravity can
successfully explain flat rotation curves and observations from structure formation
but fail to address the CMB power spectrum [11]. However, particle Dark Matter
has the ability to match all observations through the sheer wealth of possible inter-
actions and particle properties, making it a good candidate to explain the discrep-
ancies between theoretical predictions. Generally, a likely Dark Matter candidate
would be massive, non-baryonic, and electrically neutral, and need to interact, at
most, only very feebly with photons. Also, if the particle is not stable, its average
lifetime must be significantly larger than the age of the Universe and that the degree
of self-interaction is strongly constrained. Out of all Standard Model particles only
neutrinos match this description, but due to their low mass they were relativistic
in the early universe (so-called Hot Dark Matter) which would have suppressed
the structure formation to an extent not seen in observations today [21]. Thus, we
are left with physics beyond the Standard Model to explain the phenomenon of
Dark Matter. There is a plethora of possible dark matter models and a detailed
overview of the different approaches would be far beyond the scope of this thesis.
Possibilities include to either have a feebly interacting massive particle such as the
neutralino from some supersymmetric models or an axion-like particle as a result
of trying to solve the strong CP problem. However, the search for Dark Matter
particles is a difficult one, as we are largely guided by upper bounds and not pre-
cise measurements, for example on parameters such as charge or mass. Only the
relative amount of Dark Matter, also referred to as the relic density, is measured

precisely.

1.3 Dark Sectors

So far, there has been no compelling experimental evidence for any of the afore-
mentioned Dark Matter candidates, but we can vastly expand our search by ex-
tending our theory. There is no a priori reason why Dark Matter should be a single

particle. In principle there could be a huge number of particles that exist in this



universe but do not interact with the Standard Model particles familiar to us — a so
called Dark Sector (also called Hidden Sector). This sector of particles is neutral
with respect to all SM gauge groups, but could interact with each other via new,
sofar undiscovered forces from hidden gauge groups.

Naturally, a Dark Sector that does not interact at all is not particularly interest-
ing to us as it would remain forever outside our grasp, but if there is some minimal
interaction with the Standard Model, we can make predictions of the kind of exper-
imental signatures a given model should provide. Additionally, some interaction
is required to maintain kinetic and chemical equilibrium between the Dark Matter
particles and the thermal bath of SM particles, which is a fundamental assumption
required to reproduce the correct relic density through thermal freeze-out. Note
that other mechanisms that set the relic density are possible, but those models dif-
fer significantly from the class of Dark Sectors presented here.

There are many possible ways a Dark Sector can couple to the Standard Model
— e.g. portals through the Higgs Boson, axions or sterile neutrinos are all viable
— but in this thesis the focus is on a model with a dark photon mediator as it
provides arguably the most promising experimental signatures while keeping the
model relatively simple. Here, dark photon refers to the force carrier of a new
(dark) U(1) gauge interaction which provides coupling to the SM though kinetic
mixing.

Not only does a Dark Sector model have considerable freedom in the choice
mediator, the structure of the Dark Sector itself can also be quite varied. In order
to have a starting point rooted in familiar physics, it is helpful to start with an
analogue to the Standard Model, in this case to QCD. Such a model contains dark
quarks that, just like their SM counterparts, do not exist as free particles but instead
form bound states, i.e. dark mesons and dark baryons, which are the Dark Matter
candidates. This has the advantage of providing a good explanation why Dark
Matter particles are neutral to all SM interactions as confinement often naturally
leads to color, weak, and charge-neutral dark hadrons. Furthermore, a strongly
interacting Dark Sector would naturally have large self interactions which helps it
match the structure formation constraints from astrophysical observations. Lastly,
a strongly interacting sector often exhibits a dark flavor symmetry which ensures

the stability of at least some of the bound states.



1.4 Search Strategies

The search strategy presented in this thesis depends not only on the model param-
eters, but also on the accelerator designed to produce the possible DM candidates.
High Energy experiments such as the Large Hadron Collider (LHC) largely em-
ploy missing energy searches, i.e. measuring the missing transverse energy that
recoiled against visible particles. Alternatively, resonant searches that do not re-
quire the DM particle to be produced directly can be used. In both of those cases
the particles of interest are either entirely stable or decay promptly. Yet many Dark
Sector models predict particles with average ¢ on the order of millimetres to me-
tres, which allows us to search for a displaced vertex some distance away from the
point of production. If the long-lived particle (LLP) decays into a pair of charged
leptons or light charged mesons then the invariant mass of the two tracks can be
used to reconstruct the LLLP mass exactly, which would provide excellent sensitiv-
ity for a search. This makes displaced vertex searches with lower center of mass
energies very complimentary to high energy experiments like those at the LHC
which, due to necessary background suppression, have no sensitivity to LLPs with
masses below ~10 GeV. Ultimately, this means that a QCD-like Dark Sector with
a heavy dark photon mediator is a well-motivated model with a wide parameter
space that provides unique signatures and is ideal for an investigation at a modern

+

e e collider experiment such as Belle II.



Chapter 2
Belle II Experiment

Belle and BaBar were two ground-breaking B-factory experiments that were in-
strumental for discovering CP-violating effects in the neutral B meson system and
providing experimental evidence for the Kobayashi—-Maskawa hypothesis — the
idea that a single complex phase could explain the CP violation in the weak inter-
action. This discovery was recognized by the 2008 Nobel Prize in Physics. The
focus has shifted to include more physics beyond the Standard Model. As statistical
uncertainties limited both Belle’s and BaBar’s sensitivity, this new focus required a
B-factory with higher luminosity to create a significantly larger data sample. Sub-
sequently, considerable upgrades have resulted in the Belle II detector, located at

the similarly improved SuperKEKD electron-positron collider in Tsukuba, Japan.

2.1 Improvements over Belle

Belle II has the target of a 40-fold increase in instantaneous luminosity over Belle,
which required not only considerable upgrades to both the detector and the accel-
erator, but the accompanying increase in backgrounds also demanded strategies
to reduce resulting effects such as high occupancy levels, fake hits and radiation
damage. The overall dimensions of the detector remained largely the same, as it is
housed within the same 1.5 Tesla solenoid magnet and iron return yoke as the pre-
vious Belle experiment. Additionally, the expensive CsI(T1) crystals that make up

the bulk of the Electromagnetic Calorimeter could be reused and their performance
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Figure 2.1: Schematic of the full Belle II Detector [18].

improved with upgraded readout electronics. The overall detector layout is shown
in Figure 2.1.

2.2 Beams

As the name B-factory implies, Belle II is designed to produce and study a large
number of BB pairs. To produce the desired particles in high numbers the collider
runs at a center of mass energy of 10.58 GeV, corresponding to the invariant mass
of the Y (4S) resonance (which corresponds to colliding a 7 GeV electron and a 4
GeV positron in the laboratory frame). This resonance is a bound state of a b quark
and a b antiquark that is of particular interest as it is the first upsilon meson state
whose mass is high enough to allow it to decay into a B mesons pair. Since the
difference in mass between a Y(4S) and 2 B mesons is approximately 20 MeV/c?,
the two B are produced almost at rest in the center-of-mass (CM) frame. Due to the
short lifetime of B mesons (75 = 1.638x10~ s, Tgo = 1.519x10~!2), the relative



displacement between the production and decay vertices is of the order of 60 yum at
SuperKEKDb, which has motivated the design choice of asymmetric beam energies.
This ensures that the collision products experience a considerable Lorentz boost
(By = 0.28), making the measurement of the particles’ proper time significantly
easier.

B mesons can be produced in e*e™ or in hadronic interactions. The production
in hadronic interactions at high energy (for instance in pp collisions at 13 TeV
at LHC) offers a large cross-section and a large spectrum of possible collision
products, but electron-positron colliders have the advantage of producing cleaner
events. This is especially advantageous for investigating rare decays as it allows

for simpler triggering and event selection.

2.3 Interaction Point

To facilitate the desired increase in luminosity a variety of improvements were
made to the accelerator. A large improvement is due to the ‘nano-beam scheme’
which reduced the size of the beams at the Interaction Point (IP) !. Additionally,
the beam currents were increased by a factor of 2 and the beam emittance was
minimized through a combination of reducing the difference in beam energies,
adjusting the length of the dipole magnets and installing wiggler magnets. These
changes naturally lead to higher beam background rates. In the rest of this chapter r
refers to the radial distance, i.e. \/)ﬁy2 , from the IP while z refers to the distance
along the cylindrical axis of the detector.

2.4 Pixel Detector

The Belle II Vertex Detector (VXD) consists of two layers of Pixel Detector (PXD)
at a distance from the IP of r = 14 mm and r = 22 mm, followed by 4 layers of

silicon strip detectors (called SVD).

ISpecifically it reduces the vertical beta function of the beam by a factor of 20 compared to the
previous experiment with a smaller but still significant improvement in the horizontal beta function.
This however worsens the so-called “hour-glass effect”, which lowers the effective luminosity due
to the variation of the transverse beam size along the length of each bunch. It occurs if the beam is
small compared to the bunch length but is compensated for by increasing the crossing angle to 83
mrad, which allows the final focusing magnets to be much closer to the IP
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Figure 2.2: Left: Shows the number and position of currently installed PXD sen-
sors. Right: Shows the full PXD design to be implemented in 2023
[27].

Pixel sensors have a much larger number of channels compared to strip sensors
and therefore a much smaller occupancy and were previously implemented at the
LHC with great success. The LHC pixel sensors however are much too thick and
would cause too much scattering for a precise reconstruction of B-decay vertices
at Belle II energies. Instead, sensors based on DEPFET (DEPleted Field Effect
Transistor) technology were chosen which allows for very thin (50 micron) sensors
due to their internal amplification.

A single DEPFET pixel cell consists of a p-channel field effect transistor (FET)
which is placed on fully depleted n-doped silicon bulk material and so combines
the functions of a charge collecting electrode and a FET. A phosphorus implan-
tation shifts the potential minimum formed by sideways depletion underneath the
transistor channel which forms what is called an internal gate that modulates the
current through the MOSFET on the readout.

The most important feature of the DEPFET is the very small capacitance of the
internal gate, resulting in a very low noise performance even at room temperature.
Additionally the gate is on only during readout, which leads to a very low power
consumption that allows for the use of gas injection cooling to cool the sensors
themselves. Meanwhile the readout electronics, which need active cooling, are

located outside the acceptance region, and therefore do not add additional material
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in the detector volume.

The DEPFET pixels are assembled into 250 x 768 pixel modules and sur-
rounded by a silicon frame to form self-supporting structures. The modules con-
tain smaller pixels (50 x 55 um) on the end closer to the IP and slighter larger (50
x 70 um ) at the end further from the IP. Two mirrored modules are glued end to
end lengthwise to form a ladder. The complete detector consists of two cylindrical
layers, 8 ladders at a distance of 14mm and 12 ladders at 22mm from the interac-
tion point, for a total of about 8 million pixels. The sensitive part of the modules is
thinned down to a thickness of 75 um (50 um for the pixel sensor and 25 pum for
the supporting structure). This and the self supporting design result in each layer
only being about 0.2% radiation lengths per layer. Due to difficulties in the man-
ufacturing process and subsequent delays only the full inner layer and two ladders
of the outer layer were ready for initial installation in 2019, as shown in Figure 2.2,
with the rest of the detector being installed during the 2022-2023 shutdown.

2.5 Silicon Strip Detector

The Silicon Vertex Detector (SVD) is made of Double-Sided Silicon micro-strip
Detectors, at radii of 39 mm, 80 mm, 104 mm, and 135 mm, arranged in such a way
that the large pitch strips are perpendicular to the beam direction while small pitch
side strips are parallel to the beam. This provides both x and y coordinates of the
hits. The innermost SVD layer has small rectangular sensors while the other three
layers are composed of two types of sensors: large rectangular sensors for the barrel
region and slanted sensors with a trapezoidal shape which reduces the material
budget and improves acceptance and precision for forward boosted particles. The
layout and sensor dimensions are shown in Figure 2.3.

The so-called “Origami” chip-on-sensor design concept was developed for the
Belle II SVD, which has thinned the readout application-specific integrated circuits
(ASICS) in the active volume of the detector. The average material budget for one
ladder including ribs, silicon strips, electronics and cooling pipes is about 0.7% of
a radiation length.

Strip sensors are used not only to save cost, but it also to make up for some of

the other drawbacks of pixel detectors; the PXD provides better spatial resolution
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Figure 2.3: Top: A graphic display of the SVD surrounding the PXD. Bottom:
The position and dimensions of the different SVD sensors [10].

but is quite slow due to a long integration time while the SVD provides better

timing resolution. This strip detector extends further than its predecessor as the

background level at radii as large as ~10 cm were estimated to be too high to use

a conventional drift chamber. This also allows the SVD to reconstruct the decay

vertices of neutral particles such as K mesons.
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2.6 Drift Chamber
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Figure 2.4: Top: Wire configuration for the Belle II CDC. Blue and pink repre-
sent axial and stereo (anode) wires respectively. Bottom: CDC cell
dimensions for small and large cells. Large white and small orange
circles denote the cathode and anode wire respectively [1].

The Belle II (Central Drift Chamber (CDC)) is a large volume gas drift cham-
ber that, similarly to the SVD, uses similar design choices as Belle in terms of
material and layout but with upgraded electronics. It fulfills a variety of tasks,
the most straightforward one being the reconstruction of tracks of charged parti-
cles and measurements of their momenta. It is also used for particle identification,
using the fact that different particles have different energy loss profiles, which is
especially important for low-momentum tracks that do not reach the designated
particle identification subcomponents. Lastly, it provides the majority of signals

for the trigger system for charged particles.
The overall design was retained from Belle and can be described in terms of
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cells and superlayers, as illustrated in Figure 2.4. Each cell is a 3 by 3 cluster of
wires, i.e. an anode wire surrounded by 8 cathode wires in square configuration,
with side length of 18 mm. The exception is the innermost layer which has a
smaller cell size of 10 mm to reduce the occupancy in the face of the large beam
background. To match the requirement of the readout electronics there are 32 cells
per layer. A ’superlayer’ is formed by 6 layers of (anode) wires, again with the
exception of the innermost one which contains two additional active guard wires.
In total there are nine superlayers in so-called AUV ordering, where A stands for
Axial, U for positive stereo angle and V for negative stereo angle. While the axial
wires are oriented in parallel to the beamline, the stereo wires are skewed to allow
for 3D reconstruction of the tracks. A 50/50 gas mixture of helium and ethane is
used as in Belle.

As described earlier, the inner radius of the CDC is much larger compared to
Belle as the hit rate at 100 mm would be too high for a drift chamber, with the
area instead covered by the SVD. In turn, the CDC extends to a larger outer radius,

specifically from 160 mm to 1130 mm.

2.7 Particle Identification

7~ mirror

Mirror
Image

JOLI SN204

1Ad

Figure 2.5: Left: Shows the overall design of the TOP counter. Right: Shows the
operating principle and purpose of the focusing mirror, ensuring that
parallel rays are focused to the same point on the sensor [24].

Belle II uses two main subcomponents for particle identification, a Time of
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Propagation (TOP) counter in the barrel region and an Aerogel Ring Imaging Cherenkov
(ARICH) in the forward facing endcap.

The TOP consists primarily of 16 large quartz bars that surround the outer wall
of the CDC. In the quartz crystals a passing charged particle emits Cherenkov pho-
tons in a cone with an opening angle determined by the particle velocity. Thus, as-
suming that the momentum is precisely measured by the inner subdetectors (CDC
in particular), the characteristic Cherenkov cone will be unique for particles of dif-
ferent mass and can be used to identify the particle. The Cherenkov photons are
transported to the end of the quartz bar via total internal reflection where they are
detected using micro-channel plate photomultiplier tubes (MCP PMTs). This al-
lows for a 3D reconstruction of the Cherenkov cone (in x, y position and time).
Between the bar and the readout electronics there is a small expansion volume
(about 10 cm long) to slightly lower the precision timing requirements and reduce
the hit occupancy at the photo-detector. Since the resolution is primarily limited
by chromatic dispersion, a spherical mirror is added to the end of the quartz bar
which allows photons with different wavelengths (and thus Cherenkov angle) to
focus into different areas of the MCP. The design and operating principle is shown
in Figure 2.5.

The ARICH particle identification system consists primarily of an aerogel radi-
ator, where Cherenkov photons are produced by charged particles, and an array of
photon detectors that are capable of detecting single photons with high efficiency
and good 2D resolution. Between the aerogel and the photon detectors there needs
to be an expansion volume to allow Cherenkov photons to form distinct rings. The
requirements of creating enough detectable photons and the limit of the resolution
of the photon detectors give a radiator thickness of about 2 cm followed by an

approximately 20 cm gap.

2.8 Electromagnetic Calorimeter

The primary task of the Electromagnetic Calorimeter (ECL) is to detect and mea-
sure the energy of photons over a wide range of energies but also to identify elec-
trons and distinguish them from pions. It is split into three regions, the barrel,

forward endcap and backward endcap, which covers 90% of the solid angle of the
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Figure 2.6: Schematic of the Belle II ECL and detailed crystal layout [1].

detector. The ECL consists of 8736 thallium-doped cesium iodide CsI(T1) crystals,
each 60 mm x 60 mm in cross section and 300 mm in length which corresponds
to about 16 radiation lengths. The crystal layout can be seen in Figure 2.6.

Each crystal is wrapped with a layer of porous teflon and covered by a lami-
nated sheet of 25 pm thick aluminum and 25 pm thick mylar. For scintillation light
readout, two 10 x 20 mm photodiodes are glued to the rear surface of the crystal
on top of a 1 mm thick acrylite plate. This allows for two independent outputs to
be summed in the readout electronics. The crystals are inherited from the previous
Belle experiment but with the increased background levels at Belle II the relatively
long decay time of CsI(TI) crystals (~1 us) causes a considerably increase in the
overlapping of pulses from close events. To better separate these, the readout elec-

tronics were upgraded to not only be faster but also to include waveform sampling.

2.9 Kjong and Muon Detector

The Kjo,, and Muon Detector (KLM) is the outermost subdetector and is, similar to

the ECL, split into 3 regions. It is a series of 4.7 cm thick layers of iron alternating
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with active scintillating material, where the iron not only provides material for the
muons and kaons to shower hadronically, but also acts as a magnetic flux return
for the solenoid. The bulk of the subdetector operates based on glass-electrode
Resistive Plate Chambers (RPC’s) but due to the long dead time of RPCs and the
increased hit rate over Belle, both endcaps and two innermost layers of the barrel
region instead use scintillator strips with wavelength-shifting fibers. A summary

of subdetector components and dimensions is given in Table ??.

2.10 Software

The Belle II Analysis Software Framework (BASF2) is the primary software used
for most aspects of data processing at Belle II, including but not limited to gener-
ating simulated data, unpacking of raw data, reconstruction (tracking, clustering,
etc.), and higher level analysis such as applying cuts and vertex fitting [19].

The code is written in C++, partitioned into about 40 packages such as the
base-level framework, with one package for each detector component, the track
reconstruction code, and the post-reconstruction analysis tools. The execution of
these modules is handled by script files written in python.

Basf2 can also interface with third-party software that is bundled in the exter-
nals installation, most importantly ROOT, as root files are the primary form of data
storage in the context of basf2 analysis, and GEANT4 [3], which simulates the

detector interaction during MC generation .

2.11 Trigger

The trigger system at Belle II is of vital importance to selecting events of inter-
est while rejecting the large background that primarily stems from intra-beam and
Bhabha scattering. The displaced vertex signatures discussed in this thesis are es-
pecially difficult to trigger due to the small number of final state particles in them.
The following chapter briefly summarized the triggering strategies at Belle II and
outlines future improvements relevant to this analysis. Belle II employs both a
hardware (called Level 1 or L1) and a software trigger (called the higher level trig-
ger or HLT).
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2.11.1 Level 1 Trigger

The L1 trigger system consists of sub-trigger systems for each subdetector and one
final decision logic called the Global Decision Logic (GDL). Each sub-trigger sys-
tem summarizes trigger information through a partial event reconstruction before
sending it to the GDL where it is checked whether or not a particular combination
of sub-triggers satisfies a given triggering criteria. The event is only fully read out
on a successful L1 Trigger.

The requirements for the L1 trigger system are:

1. Close to 100% efficiency for hadronic events from Y (4S) — BB and eTe™ —

qq

2. High efficiency for low multiplicity physics
3. A maximum average trigger rate of 30 kHz
4. Fixed latency of about 5 us

5. Timing precision of less than 10 ns

6. Minimum two-event separation of 200 ns

and in general a design that allows the trigger configuration to be both flexible
and robust.

To facilitate this, each component has a Field Programmable Gate Array (FPGA)
which allows for some configuration, rather than being hard-wired. This is espe-
cially important as it allows the implementation of a neural network to reconstruct
the z (longitudinal) position of the event vertex, allowing the suppression of events
not originating at the IP. Each subdetector has a distinct contribution to the overall
trigger system. The CDC sub-trigger provides the charged track information such
as momentum, position, and charge and thus provides the most important compo-
nents to the L1 trigger. It also defines the latency of the L1 trigger due to the long
drift times of the wire signals. The ECL sub-trigger gives energy deposit informa-
tion, energy cluster information, Bhabha identification, and cosmic-ray identifica-
tion. The TOP sub-trigger gives precise timing and hit topology information. The

18



KLM sub-trigger gives muon track information. The Global Decision Logic re-
ceives all of this sub-trigger information and makes the final decision of accepting
or rejecting the event. Notably the L1 trigger does not use any information from
the PXD or SVD as the readout is too slow to provide information at the required
rate [15].

The track trigger processes four different modules in its pipeline. The Track
Segment Finder first minimizes the amount of data sent to the next module by
combing the raw CDC hits in a given superlayer into a short track segment, which
also suppresses noise from isolated hits. The 2D Finder then combines track seg-
ments from the axial superlayers to full tracks in the x-y plane using a Hough
transformation. At the same time, the Event Time Finder module determines the
event time for precise spatial information from the hits. Normally, event timing
would be provided by the TOP or ECL, but due to the pipelined nature of the trig-
ger system this information is not available, so all timing information for tracks at
the L1 trigger level have to come from the CDC. Finally the last module, called
Neurotrigger, uses the 2D track information and related stereo hits to estimate a
z-vertex position and polar angle 6 for the track. To do so, it uses artificial neural
networks onto the FPGA hardware which allows for very fast processing and also
provides the ability to learn non-linear correlations in data. The Neurotrigger is
of essential importance as it is the primary tool to reject background events with
a low track count [16]. For events with few particles in the final state, the most
important trigger requires the presence of one reconstructed 3D track (also called

a Neuro track).

2.11.2 Higher Level Trigger

While the L1 trigger is very successful at filtering out background events the data
flow still needs a significant subsequent reduction to a manageable level. This is
done via the high level trigger (HLT) which uses full offline event reconstruction to
perform physics-level event selection [20]. Notably there are two data streams: one
from the PXD and one from the other subdetectors. The PXD system takes at least
20 us to read out the entire detector and therefore there is a high probability that the
next trigger arrives before completing a single readout cycle. For all subdetectors
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except the PXD, the L1 trigger signal is distributed to the detector front-end and
initiates the data transfer from the subdetectors. The signals are digitized at the
detector front-end and transferred to common readout cards (called COPPER’s).
On each card a Linux-operated CPU performs the data formatting and reduction
before the data is sent to readout PCs. There the event fragments are collected
and formatted into one (partial) event for each subsystem before being sent to the
HLT units. For the PXD readout, the tracks of charged particles reconstructed by
the HLT with information from the SVD and CDC are extrapolated to the surface
of PXD sensors where it creates regions of interest. Then, only hits from regions
of interest are read out reduces the data transmitted by the PXD by a factor of 10
compared to a full readout. Under the nominal accelerator condition, the overall
reduction factor by the HLT trigger is measured to be about 8, which is more than

the design value, because of the high background conditions [14].
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Chapter 3
Theory

As motivated in Chapter 1, the model that will be investigated in this thesis is that
of a strongly interacting dark sector with a dark photon mediator that results in
a displaced vertex signature as illustrated by Figure 3.1. This chapter provides a
brief summary of the model and key aspects of its derivation, for a full derivation

see reference [7].

3.1 Lagrangian construction

To construct the model we start by considering a number Ny of fermions with some
underlying gauge group. We refer to the fermions as dark quarks and to the gauge
bosons of the new sector as dark gluons. While the underlying gauge group could
theoretically be any group that leads to confinement for Ny dark quarks, the focus
is on a SU(3) gauge group in analogy to classical QCD. Additionally, it should be
pointed out that just like for classical QCD the strong coupling of the dark sector
diverges at the energy scale A,. Close to the scale Ay the coupling becomes non-
perturbative, making it impossible to calculate predictions for hadronic interactions
at low energies. In order to have an model formulation that is valid at energies E
~ A, the corresponding Lagrangian is phrased as a chiral Effective Field Theory
(EFT) and reads as follows:

1 . 2
Za= =Gy +ailaai+ i (M, 4a;
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Figure 3.1: Illustration of a Dark Shower Event with one pg meson.

a
where G v

i = 1...Ny is the dark quark flavour index, and M,, is the dark quark mass matrix.

denotes the dark gluon field strength, g, denotes the dark quarks,

The running of the dark coupling constant:

1
ad(.uz) = 2
L ()

leads to confinement at the scale A,. Below this scale the dark quarks form bound
states, i.e. dark mesons and baryons, in particular Ny — 1 pseudoscalar dark pi-
ons and vector meson dark rhos. In theory, even restricting to a QCD-like dark
sector with a given mediator, we still have considerable freedom when it comes
to the choice of what actually constitutes the dark matter. While dark baryons or
dark glueballs can both make viable candidates, we will focus on the case of dark
mesons by choosing the dark quark mass much lower than the confinement scale.

Thus, the dark matter for this model consists of the dark pions mentioned above
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and can be described by a chiral EFT, in complete analogy to the description of
light QCD mesons. All three dark sector pions, 7, 7, and ng, are stable and
equally contribute to the dark matter abundance. The neutral dark vector meson pg
is of particular importance as it provides the portal to the standard model. Analo-
gous to the mixing of the standard model rho with the photon, the pg mixes with
the A’ which introduces a small coupling to the SM, making the pg unstable and
ultimately resulting in our desired displaced vertex signature.

For the sake of simplicity, we will consider a model where the dark sector only
has 2 flavors, as opposed to the 6 in classical QCD. This is to consider a minimal
scenario that is cosmologically viable and can account for DM in the form of dark
pions while ensuring that the lightest neutral dark pion is completely stable.

Naturally we also need to include the mediator itself in our model. The the-
oretical framework for this and many other dark photon models is created by in-
troducing a new U(1)" gauge symmetry under which both dark and SM quarks are
charged. The dark photon is the associated gauge boson of this new symmetry and
can mix with the U(1)y gauge boson of the SM (i.e. the B boson of the weak hy-
percharge) and thus mediates interactions between the SM and the dark sector. We

have two interactions of the form:

Lsm—imt O —gqAy Y asuv*asu
qsm
where g, denotes the quark-A’ coupling, i.e. the product of the U(1)" gauge cou-
pling and the quark charges. In the dark sector we combine the U(1)’ charge as-
signments of the dark quarks into a charge matrix Q, such that the A’ interaction in

the unconfined dark quark takes the form:

La—im D —eaAyGsm " Qqa

where we have introduced the coupling ey, which is the product of the U (1)’ gauge
coupling and the dark quark charge.
Furthermore it is assumed that the A’ obtains a mass my through the Stiickelberg

mechanism, a special case of the Higgs mechanism . One can diagonalize the ki-
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netic terms by redefining the fields to eventually obtain the Lagrangian:

1 1 _
¥ = _ZFL/LVFIW + Emva’z — KeA), Y ar /v f-eaudaraa
f

where K is the kinetic mixing parameter and e, is the dark sector coupling strength.
Since lower dark photon masses are well covered by other experiments we are
interested only in off-shell dark photons, i.e. those with a m > 10.58 GeV/c?. This
lets us integrate out the mediator in the Lagrangian above to obtain an effective

interaction between SM fermions and dark quarks given by:

1 _ 2m2 _
Lepr D F;foY“@Yucm = gApz"PS“;CIfquf

Where g is the dark pion-rho coupling strength which is set to 1. The scale A
determines the strength of the interaction and is given by

Ny
\/ Keey

This has the great advantage that the off-shell production of dark quarks depends

A:

only on the mediator’s properties through the effective coupling A, which allows us
to drop my/, K, and e, and discuss the phenomenology only in terms of the effective
interaction. Instead of discussing the phenomenology in terms of A, we can simply

present it as only depending on the mass of the pg and its lifetime.

3.2 Relic Density

In the early Universe the decays and inverse decays of the pg can keep it in equi-
librium with the thermal bath of SM particles. Strong interactions between pj
and pg keep the charged dark rho mesons in equilibrium with the neutral dark rho
mesons and thus, in turn, with the SM bath. The same holds for our DM candi-
dates, the dark pions, which maintain equilibrium with the pg, and thus the SM,
through strong m; — p, interactions. In this way, the entire dark sector is initially
in equilibrium with the SM and DM freeze-out occurs when m; — p; conversions

become inefficient. Therefore, the dominant process we need to consider is the
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(forbidden) annihilation of m;m; — pyps. This mechanism allows us to obtain the
correct DM relic density over many orders of magnitude in the DM mass as long
as the ratio mp,/mz, is adjusted accordingly, though it makes the generic prediction
that the mass difference between dark pions and dark rho mesons has to be small.
For the purpose of phenomenological studies in this thesis, the dark pion mass was
kept roughly equal to the dark rho mass as small fluctuations in the dark pion mass

had no significant impact on experimental signatures.

3.3 Parameter Space

While it is very convenient to parametrise the mediator properties of the pg only
through its mass and lifetime, it is still necessary to ensure that the combination
corresponds to a value of Ay with viable coupling strengths. At minimum, it is re-
quired that the kinetic mixing parameter fulfills the mass-independent upper bound
x < 0.026 and that the dark sector coupling is perturbative, i.e. e; < V4.
Additionally, we have bounds on the DM self-interaction cross section from
astrophysical observations which puts a lower bound of 100 MeV/c? on the mass
of the pg. In order for the confinement scale to lie sufficiently far below the CM
energy of Belle I we have an upper bound on the pg mass of approximately 2

GeV/c?. These bounds are shown in Figure 3.2.
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Figure 3.2: Below the red line, dark rho and pions are not in thermal equilibrium,
which is required to obtain the correct relic density during freeze-
out. The blue dashed line represents a mass-independent consistency
bound on A. The area below the green dotted line indicates where
dark rhos are expected to be sufficiently displaced [7].
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Chapter 4

Analysis Structure and Event
Selection

The key signature of our long-lived particle is one or more displaced vertices, with
a variety of possible final state particles. The pg can decay to a pair of leptons, i.e.
ete” or uTu, or it can decay hadronically to pions and/or kaons. The relatively
unique nature of a displaced vertex signature allows for the possibility of a zero-

background analysis, the feasibility of which is explored in this thesis.

Average number of dark pJ mesons per event 1.0 Dark pJ mesons multiplicity fractions
' — =0 — nyp=1 Ny =2
4 208
a
4
~ 37 £0.6
£ o
21 S 0.4
3t
© x_\m
1 0.2 /
0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
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(a) pg multiplicity as a function of mass. (b) Fraction of events with 0, 1 or 2+ pg

Figure 4.1: For a mass below 500 MeV/c?, the majority of events contain multi-
ple pg and therefore multiple displaced vertices. For larger masses a
significant fraction of events contain no pg and so require a different
search strategy like single-photon searches [7].
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The average pg multiplicity is shown in Figure 4.1a. It decreases quickly with
the dark rho mass, so that for myo < 500 MeV/c? the majority of events contain
multiple decaying dark mesons, while for larger masses a significant fraction of
events contain no pJ.

In order to provide meaningful feasibility study without exceeding the scope
of the thesis, the focus will be on events with a single displaced vertex with only
muons in the final state. In this case, the invariant mass of the two tracks recon-
structs the pg mass exactly, which should provide a very strong and clear signal
peak. At the same time, the muon final state allows for an excellent reduction
of background (compared to the e"e~ case where a significant amount of photon

conversions is to be expected, complicating the background reduction).

4.1 Signal Generation

For the signal event generation, the starting point is a UFO (Universal Feynrules
Output) model file. This model file is a result of feeding the unconfined dark quark
Lagrangian into the FEYNRULES package [4] to encode the model information
into a python module. This UFO file was obtained from the author of the primary
theory paper that this thesis is based on [7].

1 1 -
L =——Fp F™ + —myA”? — keA), Y qrfY* f-eaAqaY
4 7

2

This UFO file is then loaded in MADGRAPHS5_AMC@NLO 2.6.4 [5] to generate
partonic events at leading order for the dark quark production process ete™ —
qaqa. To perform the showering and hadronisation in the dark sector the Hidden
Valley module of PYTHIA 8 was used [25]. All decays are simulated as prompt in
PYTHIA 8 and subsequently all particles in the decay chain are displaced in basf2
by decay lengths that are randomly drawn from an exponential distribution fitting
the corresponding average lifetime.

From our effective interaction Lagrangian in Chapter 3, we can obtain the par-

tial width for the decay of p[(l) to lepton pairs:
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1 m) m2 12 m2
T(p) —t1e) = Pl 1—4—F 14+2—4
(P ) 3mg? A4 m3 + m3
To find the hadronic decay width of the pg we can use the fact that it inherits the
coupling structure of the dark photon, which has the same coupling structure as the

SM photon, so its decay width can be determined by using the measured hadronic

R ratio at eTe™ colliders defined as:

R (\/E _o(efe” = hadrons)>

olete” = putu~)

so that:
F(pg — hadrons) = R(\/E _ mpd)l"(pf} - “Jr‘u_)

In practice the branching ratios were obtained using the dark shower tool de-
veloped by Knapen et. al. [17], which matches the R ratio calculations for the most
common decay modes but proved to be significantly more convenient to use. The

decay modes considered for this analysis are:
0 . pto— 0 +y-

* Py e e P HH

e N0 +m7— 0 KtK~
p;—~rwtn,p; —

« pd =t nl

R A A A

e pd— atnan0

A plot showing the relative branching ratios as a function of pg mass is shown in

Figure 4.2.

4.2 Background

There are a variety of possible SM processes that can produce a lepton or meson
pair that can mimic our desired signal signature of one (displaced) vertex with
missing energy. One example is direct lepton and meson pair production, i.e.

ete” — utu, possibly in association with one or more photons that are outside
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Figure 4.2: Individual branching ratios of the pg as a function of its mass. The
coupling structure is directly inherited from the A’ mediator.

of detector acceptance or not reconstructed for other reasons. Requiring a mini-
mum displacement for the vertex location removes a large portion of the prompt
SM background. Meson decays, specifically e e™ — ¢, — Kg +K2, Kg —utu~
are not removed by that requirement as Kg have a sufficiently long lifetime to cre-
ate a displaced vertex. This can be effectively dealt with by vetoing the mass region
around the Kg peak but this naturally has the disadvantage of losing sensitivity for
detecting pg with similar mass. Lastly, photon conversions, i.e. ¥ — e"e~, where
the missing energy is also carried off by an undetected photon, are likely a consid-
erable source of background for events where the dark rho decays to electrons, but
is not as relevant for the muon signal discussed in this thesis.

With these considerations, most of the remaining background is due to ran-
dom track overlap and material interactions. We identify the three most prominent

background contributions as:

1. events with two taus which subsequently decay to muons. The random track
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overlap from the muons fakes a displaced vertex and a significant amount of

energy is missing due to the production of neutrinos
2. Similarly, production of a K* K~ pair which decays to muons and a neutrino

3. Hadronic events which produce pions that end up being misidentified as

muons

Requiring a displaced vertex is by itself already a strong condition to reduce
background levels but further reduction can be achieved by splitting the detector
into multiple sub-regions by their distance from the IP (denoted dr), three of which
can be used in this analysis. The choice of regions is largely determined by the

material distribution and sub-detector location as motivated by [12].

Region 0 0 cm< dr < 0.2 cm: This region is very close to the interaction point
which results in prohibitively large SM backgrounds, leading to a minimum
required vertex displacement of 0.2cm, meaning that this region is not in-

cluded in the analysis.

Region 1 0.2 cm < dr < 0.9 cm: In this region the vertex is still inside the beam
pipe but sufficiently far away from the interaction point that prompt SM
backgrounds are fully removable. As particles created here pass through

the entire inner detector the vertex resolution is optimal.

Region 2 0.9 cm < dr < 16 cm: Here the vertex location is somewhere in the
VXD, meaning good vertex resolution but increased backgrounds due to ma-
terial interactions. This is demonstrated in Figure 4.4 as the peaks in the ver-
tex distribution correspond to locations of high material density, especially

the beam-pipe and SVD strips.

Region 3 16 cm < dr < 112 cm: The vertex location in this region is within the
CDC, allowing for good vertex reconstruction with low passive material. The
limiting factor is that, due to the L1 Trigger requirement of one 3D track as
described in Chapter 2, any particles created beyond approximately 60 cm
do not pass through sufficient drift chamber stereo layers to trigger and store

the event.

31



Region 4 112 cm < dr: Here the vertex is outside the CDC in a location covered
by the ECL or KLLM, so no accurate vertex reconstruction can be expected

and the region is not included in any further analysis.

For the background studies the, at the time most, recent Monte Carlo (MC)
sample produced by the Belle II data production team was used (MC13ria). This
sample is run-independent, meaning it uses overlaid simulated beam backgrounds
and static detector conditions. Statistics of the sample are equivalent to between 1

and 5 ab~! of events and included the following channels:
o ete” —um,ete” —dd

+ +

s ¢e —cc,ee —ss

cete —wutu ,ete =17
e ete” s>t ,ete” - KTK™

In the subsequent analysis the four hadronic samples are shown together without
differentiating between them individually. Figures 4.3 - 4.5 show the distributions
of vertex location for the three most prominent backgrounds as well as example
signal samples for a pg with mass 0.8 GeV/c? and average c7 of 0.25 and 10 cm
respectively. After becoming available the selection criteria was tested again on

the new MC15rib sample and was found to reduce the background to zero.

4.3 Background Separation

The dark sector in this model has, dependent on the exact choice of parameters,
a very small coupling to the SM which makes it imperative to lose as little signal
as possible while removing all of the background. Though it might be possible to
leave a portion of the background and look for a signal peak on top of a smooth
background distribution, the small magnitude of the signal peak could easily be
drowned out by small fluctuations in the background.

This is complicated by the large available parameter space for the model. The
most important parameter is the range of possible lifetimes, from essentially prompt
decays to an average ct of a few meters. Naturally, either extreme is hard to ac-

count for as a too short lifetime will not result in sufficiently displaced vertices
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while an extremely long lifetime means the pg decays in a region where the tracks
cannot be reconstructed or outside the detector entirely. The range in possible pg
masses not only results in different kinematic distributions for the reconstructed
LLP and its daughter muons, it also changes the pg multiplicity per event and af-

fects the exact branching ratio to final state SM particles.
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Figure 4.6: Example plot of the figure of merit, defined as number of signal
events over number of remaining background events in a 400 MeV/c?
range after 1 cut is applied. Specifically for the cut location on the
daughter muon transverse momentum.

In light of this it was decided that simple rectangular cuts would be used in-
stead of a complicated system of correlated cuts that would be more suitable for a
smaller, more specific parameter space. These cuts were loosely optimized using
a Punzi figure of merit, with a simple 1D scan over possible cut locations for a se-
lection of valid combinations of mass and ct. The figure of merit is defined as the
number of signal events after cuts divided by the number of remaining background
events in a 400 MeV/c? range centered around the generated pg mass. Since the
optimal cut location is slightly different for each set of parameters, a median value

was chosen in each case, with cuts in Region 1 being optimized towards shorter
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average lifetimes while the further regions were geared towards higher efficiencies
for longer lived pg. The nonlinear nature of the figure of merit is shown in Figure
4.6. The overall signal cut efficiency is shown in Figure 4.7, one plot showing the
efficiency compared to all generated events in the barrel while the other takes into
account that the dark rho multiplicity is mass dependent and the fraction of events
containing exactly one dark rho can be as low as 5% at low masses. Unsurprisingly
the efficiency is best for the median range of average lifetimes between 1 and 10
cm. Since the production cross-section for lighter pg is significantly higher at lower
masses, the considerably low signal efficiency below 0.4 GeV/c? was deemed ac-
ceptable. The exact selection criteria are detailed in the next section. The overall
selection criteria, i.e. the cuts applied regardless of vertex location, is given in

Table ??, while the region specific cuts are listed in Table ??.

4.4 Discriminating Variables

varibs There are a multitude of useful discriminating variables that can be used to

separate signal from background.

* nTracks: Since the goal is to reconstruct events with a single pg we can reject

all events with a track multiplicity higher than two.

* muonID: In The Belle II framework the muonlID is the identification proba-
bility defined as the relative likelihood i.e. L, /(Lo +Ly +Lz+Lx+L,), us-
ing information from all subdetectors. This variable is especially important
as the background contribution from misidentified pions was significantly
larger than initially expected. Additionally misidentification coupled with
the high branching fraction to pions for low pg results in an additional peak
when reconstruction the muon signal as shown in Figure 4.9. The distribu-
tion for muonlD in two analysis regions is shown in Figure ??, where the
large number of entries with low muonID for the example signal is due to
both, the signal event containing misidentified pions and correctly identified

muons with a low ID score due to not reaching the KLM.

* nPions: We attempt to reconstruct any 7° and reject an event if it contains

one or more, since it could only come from a pg decaying to 3 or more pions
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or from background events.

* Momentum—Vertex angle: This is the angle between the reconstructed mo-
mentum vector of the pg and the vector formed by connecting its vertex lo-
cation with the IP. Since the two decay products of the pg should reconstruct
the momentum vector perfectly and the path of the pg is a straight line, this
angle is expected to be (very close to) zero. The distribution in two regions

is shown in Figure ??.

* Helicity Angle 1n: The Helicity Angle 7 is the angle between the line defined
by the momentum difference of the muons in the pg rest frame and the pg
momentum vector in the lab frame. This distribution peaks strongly at +
1 for QCD background as the photon is massless while our massive pg has
additional degrees as freedom and subsequently has a more flat distribution,

as demonstrated by Figure ??.

Variable 6 nTracks Mass pt(pg) pt(u)
Value 31-128 == >0.50r <04 >0.1 >0.1

Table 4.1: The overall selection criteria applied to every event. The 8 range is such
that the event is in the barrel and therefore excludes the end-caps which experience
higher background levels. Mass in GeV/c? and momentum in GeV/c.

. . Significance .
Variable nPions muonlD of Distance |cos(n)| cos(PV)  Missing Energy
in Region 1 =0 >0.9 15 <0.8 >0.998 6
in Region2 =0 >0.9 - <0.8 >0.999 5
inRegion3 <1 >0.99 - <0.9 >0.9999 5

Table 4.2: Selection criteria dependent on vertex location. The three regions cor-
respond to inside the beam-pipe, inside the inner detector and inside the CDC re-
spectably. Missing Energy in GeV.
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4.5 Trigger Efficiency

In the previous analysis it was assumed that the trigger efficiency for displaced
vertices is close to 100%. In this section we will take a closer look at the currently
implemented hardware and software triggers and their efficiencies. Naturally, dif-
ferent final states will benefit from different specific trigger configurations, but we
can still make predictions for non-muon final states. In the detailed breakdown
below we are only considering triggers that are not pre-scaled, meaning that if the
trigger condition is met then the event is kept 100% of the time. Triggers that have
a signal high efficiency, like the single muon trigger for example, do allow most
signal events to pass but due to pre-scaling only keep every tenth event. Due to
the low expected number of signal events these triggers were deemed as likely not
contributing significantly to the overall triggering efficiency. It is implied that in
addition to the requirements listed below each triggering event needs to not be re-
jected due to independent veto conditions. For Level 1 the most important triggers

are:
STT Requires one Neuro track with momentum > 0.7 GeV/c

STTECL Same as STT requirements plus one ECL cluster matched to a CDC

track.
CDCKLM1(2) Requires one (two) KLLM clusters matched to a CDC track.

FY30 Requires two 2D tracks, one of which is a Neuro track, and an opening

angle larger than 30 degrees.

FYO Requires two 2D tracks, one of which is a Neuro track, and a CDC opening

angle greater than 90 degrees.
MUDb2b Requires two back-to-back clusters in the KLM

The individual efficiencies of each L1 trigger is shown in Figure 4.13a and Fig-
ure 4.13b. It is clear to see that the single track trigger (STT) is by far the most im-
portant triggering condition, followed by conditions requiring 2 tracks with either
a matched KLLM cluster or a large opening angle. Due to the minimum momentum

requirement, the STT has highest efficiencies for higher pg masses. From Figure
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4.12 it is apparent that L1 triggering efficiency is strongly lifetime dependent. As
discussed in Chapter 2, a Neuro track requires the traversal of multiple stereo lay-
ers in the CDC, meaning a vertex location beyond ~60 cm is unlikely to fulfil this
condition. The overall trigger efficiency at Level 1 is shown in Figure 4.12. For
heavy pg we have very good (>90%) efficiency for average lifetimes on the order
of 20 cm, while for lighter pg the efficiency drops off steeply and only reaches
around 50% for ¢t > 10 cm.

For the HLT there are fewer relevant triggers. The majority of events are trig-
gered due to the “two loose tracks” requirement, with specifically the “2 loose
tracks 0.8ltpstarmaxlt4.5GeVc” trigger covering the majority of the events. As
the name suggests, this requires two loose tracks, i.e. tracks with a momentum
between 0.8 and 4.5 GeV/c. A loose track has the requirements of having the
point-of-closest-approach of the track to be withing 2 cm of the zero-point in the
xy plane (dO) and withing 10 cm in z (z0). The efficiency is lower for lighter dark
rho as they tend to not fulfill the 0.8 GeV/c minimum momentum requirement.
Most of the lower momentum dark rhos are instead covered by the “2 loose tracks
inc 1 tight g==0 pstarmax0.8GeVc” trigger, which lacks the minimum momentum
requirement but requires a higher quality of one of the two tracks. This comple-
mentary interaction also means that the HLT does not suffer from lower efficiency
for lower pg masses. Similar to triggering at L1 we note that the efficiency drops
significantly for high average lifetimes though not as dramatically, with Figure
4.14 showing that the efficiency is greater than 90% for average displacements of
10 cm, independent of pg mass. This is primarily due to the requirement of z0,
as an extrapolated track resulting from the decay of a displaced particle is likely
to be far from the IP. A proposed dedicated displaced vertex trigger, requiring a
vertex between 0.9 and 60 cm in addition to minor kinematic requirements, will
considerably improve the overall efficiency. The concern remains that sensitivity

for larger lifetimes still requires the pg to decay in the first 60 cm.
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(a) Efficiency of the signal cuts compared to all generated events that are in the barrel of
the detector.
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containing a single p9

Figure 4.7: Signal efficiency defined as the number of signal events after cuts
divided by the number of generated events with muons in the final
state. Note that the mass region from 0.4 to 0.5 GeV/c? is not plotted,
corresponding to the signal selection cut to remove Kg.
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Figure 4.8: muonlD score, defined as the relative likelihood including informa-
tion from all subdetectors, for two different detector regions.
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Figure 4.9: Reconstructed mass of signal and background, applying all se-
lection cuts but no muonID cut. Note the large reflected peaks in
red,blue,gold, and green due to misidentified pions.
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Figure 4.10: Cos(momentum-vertex angle) in two different regions. The com-
bined momentum of the daughters should point in the same direction
as the mometum of the mother for a 2 body decay, so the cosine of
this angle is expected to be 1.
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Figure 4.11: Cos(n) in two different detector regions. For our massive scalar
particle this distribution is flat while the QCD background peaks
strongly at plus/minus 1, due to the mediator of that interaction be-
ing the mass-less photon
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Figure 4.12: Overall efficiency of the L1 trigger
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L1 trigger efficiencies for different pg masses
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Chapter 5
Analysis

To create the exclusion limits presented below, 50000 signal events were simulated
for each parameter combination as described in Chapter 4. Specifically each point
was generated with my = 20 GeV/c? and k = 0.014, close to its maximal value,
while the parameter e; was varied such that the parameter combination resulted in
a valid result for A. Other parameter combinations are certainly possible but as
described in Chapter 3 the phenomenology can be fully discussed in terms of the
effective interaction so that changing the parameters in such a way that the result-
ing value of A is the same would have no impact on the experimental signature. For
the average lifetime it was sufficient to generate events at 13 different ct, from 0.1
cm to 1000 cm in logarithmic spacing. The background-less nature of the analysis
and the high reconstruction precision for the signal results in a narrow mass peak,
which coupled with the strong effect of QCD-resonances required a smaller (20
MeV/c?), linear spacing in masses, with 60 different masses generate between 0.2
and 1.4 GeV/c?>. While the model remains valid for pg masses of up to 2 GeV/c?,
preliminary studies showed that the low production cross-section coupled with the
low pg results insufficient sensitivity beyond m(pg) > 1.3 GeV/c?, hence the cho-
sen cutoff at 1.4 GeV/c>. The number of events after the selection criteria are
applied is shown in Figure 5.1 while Figure 5.2 shows the number of events scaled
to 500 fb~! according to the MadGraph calculated cross-section.

The selected events were fit with a double-sided Crystal Ball function [26]
using SciPy’s curve_fit, which employs a least-squares fit with the trust region
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Number of generated signal events after cuts
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Figure 5.1: Number of events remaining from 50000 generated events after sig-
nal selection cuts are applied.

reflective (trf) method [28]. The fitting function is defined as:

flx,on,0,0,1,n) = ¢ exp <_(x;;tz)2> for — oy < *F <o
AR (BR—FX;“) n for ZHE > OR
where:
_ < )n exp ’O‘l/r‘z
[y = ) _
= oy, 2
Loy

r=———\0
I ey,

Since there is some ambiguity in the function between n, the power of the power
law for each tail, and o /R> the transition points between tail and core, it was de-
cided to fix n =3 and only fit the remaining four parameters and an overall normal-
ization. This also greatly increases the stability of the fit as small variations in the
power have a great effect on the overall shape of the Crystal ball function, so fixing

n to a constant value ensures all fits converge without failures. Six example fits are
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Number of rec. signal events scaled to 500 fb~!
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Figure 5.2: Number of events remaining from 50000 generated events after sig-
nal selection cuts and MadGraph calculated cross-section are applied,
i.e. scaled to an equivalent of 500 fb~!. The heatmap maximum cor-
responds to the number of events required to exclude a point in pa-
rameter space according to Feldmann-Cousins 90% confidence inter-
vals.

shown in Figure 5.3. The fit results for the shape parameters and width is shown in
Figure 5.7 and Figure 5.8 respectively.

To gauge the goodness of fit we first calculate the reduced chi square: szed =
%% /DoF where DoF is the number of degrees of freedom of the fit. The individual
chi square values can be seen in Figure 5.4 but overall the fits are satisfactory with
an average x>, of 1.36.

To gauge the quality of the reconstruction we can examine the mass uncertainty
calculated by the reconstruction algorithm, shown below in Figure 5.5, as well as
the mass pulls. Here the mass pulls are defined as (Mjeconstructed — Mgenem,ed) /Oum
where o)y is the uncertainty in reconstructed mass. These pulls are then fitted to a
normal distribution with the resulting mean and standard deviations are shown in
Figure 5.6. A slight positive bias can be observed, indicating that the reconstructed
mass tends to be higher than the generated value.

We can then construct 90% confidence level exclusion bounds by including all
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Figure 5.3: Double sided Crystal Ball fits for pg with a range of average life-
times and masses using a fixed fitting range of 20 MeV /c?. Note the
increasing width with both mass and average displacement.

parameter combinations that predict more than 2.44 events. This value is the upper
bound of the 90% confidence level interval for a Poisson signal mean as calculated

by reference [13]. A plot of the projected exclusion bounds is shown in Figure 5.9.
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Reduced x? value for Crystal ball fits
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Figure 5.4: Reduced y2 values for each individual Crystal Ball fit.
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Figure 5.5: Uncertainty in the reconstructed mass as reported by the reconstruc-

tion algorithm.
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Mean of normal distribution for CB fit residuals
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(a) Mean of the fitted residuals, expected to be 0. A slight positive bias can be observed
indicating that the reconstructed mass is slightly higher than generated
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(b) Standard deviation of the fitted residuals, expected to be 1. Reconstructed pg with
larger lifetimes have increasing spread in residuals.

Figure 5.6: Mean and std for mass pulls. Note that the parameter space from 0.4
- 0.5 GeV/c? contains almost no signal events, so any fit is expected to
fail or produce extreme outliers in that region.
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Fit result a; for Crystal Ball fit
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Figure 5.7: Fit results for the shape parameter &, which determines the transition
location of exponential tail to power law in the Crystal Ball function.
The fit result is reasonably constant for a given average lifetime.
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Full width at half maximum of Crystal Ball fit
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(b) Fit result for parameter o which determines the width of the Gaussian core.

Figure 5.8: Two measures of the signal width, FWHM above and the width of
the Gaussian core of the Crystal Ball function below. Since the wider
signal samples can be dominated by the power law tails of the func-
tions the FWHM is a better indicator of signal width than o despite
the similar distributions.
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90% CL Exclusion Bounds for 500fb~1!
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Figure 5.9: 90% Confidence Level exclusion bounds for mu channel (in red) and
projection for combined mu and hadronic channel (in green). Note the
large impact of QCD resonances, especially from ¢ and @ mesons
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Figure 5.10: Exclusion bounds from Bernreuther et.al., assuming an implemented
displaced vertex trigger and minimal backgrounds [8].
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Chapter 6

Conclusion and Outlook

The goal of this thesis was to explore a model of a QCD-like dark sector and the
resulting dark shower signature at Belle II. We investigated the feasibility of a zero-
background analysis by focusing on events with a single LLP decaying to a pair of
muons and found a combination of selection cuts that consistently reduce the back-
ground levels to zero. These criteria were tested with a large set of simulated MC
backgrounds and a large variety of possible parameter combinations. The resulting
90% confidence level exclusion bounds are presented in Figure 5.9, showing both
the bounds obtained for the muon signal as well as a projection if other hadronic
final states were to be considered. In order to contextualize these exclusion bounds,
we can compare them to bounds presented by reference [8], shown in Figure 5.10.
In their paper, they recast BaBar results and compare them to the projected sen-
sitivity at Belle II. Their Belle II projection includes all possible final states and
pg multiplicities compared to the limit of a single pg decaying to a pair of muons
presented in this thesis. Bernreuther et. al. further make the assumption that, with
a yet-to-be-implemented displaced vertex trigger, the triggering efficiency will be
close to 100% while full background suppression can be achieved with minimal
cuts on momenta and opening angles in addition to a displaced vertex requirement.
As we have shown in Chapter 4, the cuts required to reduce the background to zero
lead to a significant loss in signal efficiency, with losses ranging from 15% for a
heavier pg with a displacement on the order of centimeters, to as high as 85% sig-

nal loss for light pg with ¢t larger than ~100 cm. Perhaps most impactful is the
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problem of misidentified particles. As shown in Figure 4.9 the misidentification of
pions causes secondary peaks in the signal, requiring a strong particle ID cut. For
the lowest end of lifetimes, i.e. below ¢T = 1 mm, it is to be expected that most
pg are not sufficiently displaced and events will not pass the dr> 0.2 cm displaced
vertex requirement. While some pg, even with a very low average lifetime, will cer-
tainly decay past 0.2 cm, the lower-than-expected signal efficiency severely limits
Belle II's sensitivity in this region. Conversely, for extremely long average life-
times, any retained event will require a vertex position in the CDC to pass trigger
requirements. Here the low signal efficiency is similarly limiting as shown by the
sharp cutoff after ¢t > 1000 mm in Figure 5.2. However, even limiting ourselves
to events with 2 tracks and only considering muons and hadronic final states, it can
be expected that Belle II can improve over existing constraints from BaBar with as
little as 500 fb~! of data. Furthermore, the planned displaced vertex triggers will
provide a significant improvement in triggering rates, increasing Belle II’s sensitiv-
ity even further. Reference [8] demonstrates that a similar displaced vertex search
at LCHD will be primarily sensitive to higher masses and shorter lifetimes, mak-
ing it perfectly complementary to possible analyses at Belle II. From this analysis
it is clear that Belle II has excellent sensitivity to long lived particles with proper
decay length between 0.1 and 60 cm. A zero-background analysis is feasible for
muon and hadronic final states in the 2-track case, which can likely be extended
to analyses with 4 tracks in the final state. We cannot make definite statements on
analyses that involve electrons in the final state but the signal loss from the muon
signature implies that a different approach, such as looking for a signal peak on top

of a smooth background distribution, would need to be employed.
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Purpose Name Component
Beam pip Beryllium

Silicon Pixel

Tracking PXD (DEPFET)

Silicon Strip
(double sided)

CDC Drift Chamber

SVD

Particle ID  TOP Quartz radiator

ARICH Aerogel radiator

Calorimetry ECL CsI(TI)

Barrel: RPCs and
scintillator strips
End-caps:
scintillator strips

Muon ID KILM

KLM

Table A.1: Summary of the Belle II detector components. FWD and BWD stand for forward and backward end-caps [1].

Configuration

Cylindrical, inner radius 10 mm, 10 um Au,

0.6 mm Be,1 mm paraffin, 0.4 mm Be

Two layers at radii 14 mm and 22 mm

Sensor size by layer: 12.5 x (L1 44.8, L2 61.44) mm?
Pixel size by layer: 50 x (L1a/b 55/60, L2a/b 70/85) pm?
Rectangular and trapezoidal sensors

strip pitch: 50(p)/160(n)-75(p)/240(n) Um

Four layers at radii: 39, 80, 104, 135 mm

small cell, large cell, 56 layers

Barrel: 16 segments in ¢ at ~ 120cm,

275 cm long, 2 cm thick quartz bars

with 4 x 4 channel MCP PMTs

FWD end-cap: 2 x 2 cm thick focusing radiators
with different 7, HAPD photodetectors

Barrel: =125 162 cm
End-caps: atz =102 cm and z = +196 cm
2 layers with scintillator strips and 13 layers with 2 RPCs

14 (12) layers of [7—10]x40 mm? strips
in forward (backward) region

Readout
Channels

7.TM

245k
14k

8k

60k

6624 (Barrel)
1152 (FWD)
960 (BWD)
16k in 6

16k in ¢

17k

0 coverage

[17°; 150°]

[17°;150°]
[17°;150°]

[31°; 128°]

[15°; 34°]

[12.4°; 31.4°],
[32.2°; 128.7°],
[130.7°; 155.1°]

[40°; 129°]

[25°; 40°],
[129°; 155°]
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