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“Do not pity the dead,
Harry, pity the living,
and above all those

who live without love,”

Albus Dumbledore, Harry Potter and the Deathly Hallows.
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Resumo

Neste trabalho, dois projetos sdo apresentados: melhorias no algoritmo de
reconstrucdo de tragos utilizando o detector de pixels do CMS e uma busca por
particulas de matéria escura no detector do CMS. As melhorias no algoritmo de
reconstrucdo de tragos de pixels do HLT foram realizadas para abordar dois prob-
lemas: a dificil mantenabilidade, dado que o cédigo da reconstrucdo é duplicado,
e a exclusividade para um determinado dispositivo acelerador no processamento
da reconstrugdo de eventos. O uso de uma biblioteca de portabilidade de perfor-
mance permite a solugdo desses problemas, tendo apenas uma cépia do cédigo
compilada para dispositivos distintos. Além de resolver ambos os problemas,
essas melhorias desempenhardo um papel fundamental durante a era HL-LHC. A
busca por particulas de matéria escura é realizada em termos do modelo AMSB,
que contém uma particula instdvel carregada, o chargino, que decai no interior
do detector do CMS em produtos que ndo sdo reconstruidos. A assinatura desse
processo no detector é a de um trago de particula carregada que desaparece nas
camadas mais internas. Um dos produtos do decaimento é o neutralino, que é a
particula supersimétrica mais leve e ¢ um candidato a matéria escura. A busca por
tracos evanescentes foi feita utilizando 62,5 fb~! de dados coletados pelo experi-
mento do CMS com uma energia de centro de massa de /s = 13.6 TeV durante
2022 e 2023. Dado que esta andlise de dados ainda esta cega pela colaboragdo do
CMS, os resultados sdo interpretados em termos de regides de exclusdo esperadas
com CLs de 95% usando dados das regides de controle da busca. Considerando
apenas os dados do Run 3, espera-se a exclusdao de um chargino do tipo wino
até uma massa de 777 (405) GeV, para um tempo de vida de 3 (0.2) ns, e de um
chargino do tipo higgsino até uma massa de 650 (354) GeV, para um tempo de
vida de 3 (0.2) ns. Ao combinar este resultado com os resultados do Run 2 anterior,
espera-se a exclusdo de um chargino do tipo wino até uma massa de 904 (511) GeV,
para um tempo de vida de 3 (0.2) ns, e de um chargino do tipo higgsino até uma
massa de 762 (437) GeV, para um tempo de vida de 3 (0.2) ns.

Palavras Chaves: Matéria Escura; Fisica de Particulas; Aceleradores de Particulas;
Detectores de Particulas; Fisica além do Modelo Padrao.

Areas do conhecimento: Fisica; Fisica de Particulas; Fisica de Altas Energias.
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Abstract

In this work, two projects are presented: improvements to the CMS pixel
tracking algorithm and a search for dark matter particles at the CMS detector. The
improvements to the HLT pixel tracks reconstruction algorithm were performed
to address two issues: the hard maintainability, given that the reconstruction code
is duplicated, and the exclusivity to a given accelerator device in the process of
reconstructing events. The usage of a performance portability library allows for
the solution of these issues, by having only one piece of the code that is compiled
for distinct devices. Besides solving both issues, these improvements will play a
fundamental role during the HL-LHC era. The search for dark matter particles
is performed in terms of the AMSB model, which contains a charged unstable
particle, the chargino, that decays inside the CMS detector into products that
are not reconstructed. This process signature in the detector is that of a charged
particle track that vanishes in the internal layers. One of the decay products is
the neutralino, which is the lightest supersymmetric particle and is a dark matter
candidate. The search for disappearing tracks was done using 62.5 fb~! data
collected by the CMS experiment with a center-of-mass energy of /s = 13.6 TeV
during 2022 and 2023. Given that the CMS collaboration still blinds this data
analysis, the results are interpreted in terms of expected exclusion regions with
95% CLs using data from the control regions of the search. Considering the Run 3
data only, a wino-like chargino is expected to be excluded up to a mass of 777 (405)
GeV for a lifetime of 3 (0.2) ns, while a higgsino-like chargino is expected to be
excluded up to a mass of 650 (354) GeV for a lifetime of 3 (0.2) ns. When combining
this result to the previous Run 2 results, a wino-like chargino is expected to be
excluded up to a mass of 904 (511) GeV for a lifetime of 3 (0.2) ns, while a higgsino-
like chargino is expected to be excluded up to a mass of 762 (437) GeV for a lifetime
of 3 (0.2) ns.

Keywords: Dark Matter; Particle Physics; Particle Accelerators; Particle Detector;
Beyond the Standard Model Physics.

Knowledge Areas: Physics; Particle Physics; High Energy Physics.
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Glossary

Alpaka C++ template library designed for performance portability across distinct
hardware architectures. It allows for code to be written once and be compiled
for distinct hardware such as CPUs and GPUs.

AMSB SUSY model where the mass difference between its lightest chargino and

neutralino is on the order of m .

Dark matter Hypothetical type of matter that does not interact electromagneti-
cally. It can be inferred from astronomical and cosmological gravitational
measurements.

Disappearing track BSM charged particle that decays in the inner layers of a

modern particle detector tracker.

Ecilo Energy measured by the calorimeters that is associated with a charged

particle track.
Hit Signal from a charged particle measured in a tracker layer.

LLP Particles that live long enough to leave a detectable signal in a modern
particle detector.

Missing hit Status of active tracker layers that should contain a hit, estimated
from the charged particle trajectory, but does not have a compatible measure-
ment. It is divided into inner (before the first valid hit), middle (in between
the first and the last valid hits), and outer (after the last valid hit) missing hit.

Standard Model Theoretical model that describes all known elementary particles

and their interactions, except for gravity.

Tracker Detector that measures the trajectory of charged particles.

X1



Chapter 1

Introduction

The Standard Model of particles and fields (SM) is one of the most extensively
tested theories of physics. With the Higgs boson discovery, the advancements in
the experimental techniques needed to assess the validity of the SM were shown to
match its predictive power, given that its measured properties match very closely
the theory expectations. However, there are some phenomena that it cannot ex-

plain.

Astrophysical and cosmological observations have shown that some gravi-
tational anomalies exist on different scales of size, the source of which is yet
to be explained. These anomalies usually indicate that the gravitational effects
that should be seen when considering Newton’s universal law of gravitation or
general relativity have to be exaggerated to match the observations. Several dis-
tinct proposals exist to explain these anomalies. One possible explanation is that
the universe is made of more matter than what is visible in the electromagnetic
spectrum. This extra matter, which received the name of dark matter (DM), was
proposed to exist almost a century ago. None of the SM particles adjust to the
observed properties of this matter, implying that many new extensions to the SM

are being proposed with new particles to explain this phenomenon.

Within the distinct beyond the standard model (BSM) models, the interaction
between SM and DM particles can occur to produce a visible signal that can be
seen by modern experiments. In the high-energy physics (HEP) context, the pro-
duction of DM particles is possible from the collision of SM particles in particle
accelerators such as the Large Hadron Collider (LHC), where the detection of
the resulting products is performed by particle detectors such as the Compact
Muon Solenoid (CMS). One of the main goals of particle detectors is to be able to
measure the properties of the particles as accurately and quickly as possible in a
process that is called event reconstruction. Nowadays, the state of the art in terms

of event processing is the usage of heterogeneous computing systems to accelerate

1



Chapter 1. Introduction 2

the reconstruction of physics objects without loss of efficiency. This implies the
need to upgrade the existing algorithms to be processed with distinct accelerator
devices.

The analysis of the collected data can then be used for searches for BSM models,
which could explain the missing matter phenomena. One of such searches is for
disappearing tracks, where a BSM charged particle decays inside the inner layers
of a particle detector, with decay products being undetected, giving the impression

that the particle "vanished". One of the decay products, is a dark matter candidate.

The structure of this work is as follows: Chapter 2 describes some of the
evidences for the existence of DM, relevant models used for searching for DM
particles and possible detection methods; Chapter 3 gives a description of the LHC
and the CMS detector, focusing on the characteristics of the CMS subdetectors, and
the triggering system; Chapter 4 describes the experimental signature expected
in the disappearing tracks search, some of the previous searches for this type of
signature, and the current strategy for the search of disappearing tracks; Chapter
5 details the reconstruction of charged particles trajectories performed by the CMS
detector, and describes an upgrade to the pixel tracks reconstruction algorithm;
Chapter 6 details the analysis performed in the search for disappearing tracks, and
presents preliminary results obtained from data collected by the CMS experiment
during 2022 and 2023. Finally, Chapter 7 discusses the obtained results and show
the conclusions of the work performed. To ease the understanding of the varied
subjects in this work, Figure 1.1 shows how the chapters are linked.

Chapter 3: Chapter 5:

/ CMS "] Pixel Tracks Reco \

Chapter 1: Chapter 2: Chapter 7:

Introduction Dark Matter Conclusions
Chapter 4: Chapter 6: /

DisTrk Framework Data Analysis

Figure 1.1: Scheme of how the subjects in each chapter of this work are linked.



Chapter 2

Evidences, Models, and Searches for
Dark Matter

Despite being one of the most successful theories in modern physics, the
StandardModel (SM) [1-5] has its limitations. It describes the behavior of all
known subatomic particles and almost every interaction between them, but there
are still mysteries it doesn’t explain. One of the biggest gaps is dark matter, or

"missing" matter, which makes up a large part of the universe.

2.1 Dark Matter Evidences

With cosmological and astronomical probes, it is possible to know how much
dark matter (DM) exists in the universe, both on the scale of the observable uni-
verse and in smaller regions, such as galaxies. It is also possible to observe that
dark matter does not seem to interact much, if at all, with particles from the Stan-
dard Model (aside from gravity), and it appears to be stable over billions of years.
This chapter goes over the evidence for dark matter, taking a historical approach
based on Ref. [6], describes some of the most commonly studied theoretical mod-
els of a hypothesized dark matter particle, and dives into how scientists are trying
to detect it while going through the reasons to why no particle from the Standard
Model fits as a dark matter candidate.

The earliest evidence (as described in Ref. [7]) emerged in 1930, when as-
tronomer Fritz Zwicky, applying the virial theorem to the motion of galaxies (then
known as nebulae) within galaxy clusters, observed that the luminous matter in
these clusters accounted for only a portion of the total cluster mass. The virial
theorem is derived by analyzing the equations of motion for a galaxy i with mass

M; at a distance r;:
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. a2y - 1d?(M;r? dr\ 2 L =
ri- (Mlﬁ = Fi) — E% — M,‘ <d_tl) = ri'Fi- (2.1)

Summing over all the galaxies in the cluster, and defining ® = ) ; Ml-r? (polar

- N2
moment of inertia), Vir = }; 7; - F; ("virial" of the cluster) and Kt = %Zi M; (%)

(total kinetic energy),
14?0
242
In a static cluster, the average of the time derivative of ® is zero, and the

= Vir + 2Kr. (2.2)

so-called virial theorem remains

Vir = —2K7. (2.3)
Assuming
. M;M; . .
Vir=UuU=— Z GN p — Law of Universal Gravitation, (2.4)
i<j i

with r;; = |} — 77|, and that Mr, the mass of the cluster, is spherically distributed

with radius Rt (o = Mr/Vr = %), the virial will be
T

i —1672Gnp?R;
U= [V(r)dm=— oRT %M%ﬁlnrzpdr = i 15Np T —

(2.5)

2

_ —16m?GNRY [ 3Mr _  3GyM7
15 47R3, 5Rr

Using that 2K = y; Mjv? = ¥, Ml-v_lz, when averaging the galaxies’ velocity,

finally, one can determine

5R702
3Gy

Y M2 = Mgo? — My = (2.6)
i

As an example, using the Coma cluster in which the average speed of galaxies
measured is v_g = 2/3 ~ 1012 m?/s2 with total radius Rt =~ 10.000.000 light years,
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the value of Mr is approximately

5% 9,46 x 102 x 10122 i s
.~ = 2 7x 10 kg~ 35x10° Mg,  (27)

—11_m~>
6,67 x 10-11;%,

where Mg isa solar mass.

It is known that, on average, each galaxy contains about 10'! stars, and since
the Coma cluster has roughly 1000 galaxies, the ratio of the cluster’s mass to its
luminosity (with luminosity being defined by the light intensity coming from the
cluster measured via photometry [8] in the infrared, visible and/or ultraviolet
wavelengths, displayed in terms of the sun’s luminosity L), which is proportional
to the number of stars in the cluster) is approximately 35 Mo/Lg. If there were
no dark matter in the universe, this ratio would be expected to be 1 Mo /Lg. With
more accurate measurements of these quantities, current estimates suggest that
this ratio can reach up to 400 Mo/Ly, depending on the cluster in question.

The second evidence (following the approach in Ref. [7]) was uncovered
through the extensive research conducted by Vera Rubin and her collaborators in
the late 1970s [9], particularly in their measurement of the rotation velocities of
about 20 galaxies (in one of her most significant studies). The issue arises from the
unusual shape of these curves, indicating that there must be more mass beyond

the galaxies than what is accounted for by luminous matter.

In a circular orbit, the velocity of a particle in an axisymmetric galaxy varies
with the distance to the galaxy center as:

2(r) = M), 2.8)

r
where r is the radial coordinate and M(r) is the mass distribution as function
of the distance to the galaxy center. For a mass M concentrated in a point, the

velocity will be

GNM

ve(r) = P (2.9)

In the simplest case, i.e., with a constant density p, the velocity v, of a particle
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orbiting a spherically symmetric galaxy with radius R is given by

4nG
Ve ;T <R,

47TGNR3P
3r

ve(r) = (2.10)

<r /2 ,r>R.

However, the mass distribution of an axisymmetric spiral galaxy like the Milky
Way differs significantly from that of a spherical galaxy. The calculation out-
lined above is beyond the scope of this thesis. Nevertheless, the outcome should

show that v, increases almost linearly at small , and behaves as r=/2 at large r [10].

With the development of radio telescopes, Rubin was able to measure and
catalog the rotation velocities of axisymmetric spiral galaxies. This was made
possible by the Doppler shift of the 21 cm hydrogen atom line, which enabled the
measurement of velocities at distances up to 120 kpc (depending on the galaxy’s
size) from the galactic center, where 1 parsec equals approximately 3.26 light years.
The results were surprising: in smaller galaxies (0 kpc < R < 35 kpc), v, increased
rapidly at small r (r = 5 kpc) and continued to grow for larger r; in larger galaxies
(R > 50 kpc), v, also increased quickly at smaller r (r ~ 5 kpc), but then stayed
constant; both findings contradict the ="/ behavior, as shown in Figure 2.1 below.

Some earlier results, before Rubin’s work, already suggested a difference in the
form of v.. Around 1970, astronomer Ken Freeman proposed an explanation for
this discrepancy [11], suggesting the existence of a spherical dark matter "halo"
around galaxies, with Mpy(r) o r for large r.

Different models have been used to try to describe the mass density profile of
such halos in simulations, such that they could fit the observed data. The most
commonly referred to are the Navarro-Frenk-White (NFW) [13, 14], the Moore
profile [15], and the Jaffe profile [16], among others. These models describe the
halos using two parameters: the halo scaling density pg and radius Rs. In general,
the density profile has the following format !:

o) = —F0 (2.11)
T
e (%)

1Using the NFW profile as an example, since it is still one of the most commonly used profiles;
usually the power of the ¥ and R; related terms are different in other profiles.
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Figure 2.1: Measured rotation velocity of galaxy M33 as a function of the distance
from its center (black circles). The red curves represent the fit to the data points
(solid line), the contribution from dark matter (dashed-dotted line), the contribu-
tion from stars (short dashed line), and the contribution from intra-galactic gas
(long dashed line). Source: [12].

which causes the cusp-core problem, i.e., the density diverges as r goes to 0 (near
the core of the galaxy). Other commonly used profiles avoid this issue by modi-
tying the denominator of Equation 2.11 [17] or by using a profile defined by an
exponential relation [18]. Besides all of these efforts to try to fit the data, most
of these profiles were not based on a physical theory, and, only more recently,
different approaches have tried to derive an expression for the mass density profile
based on the formation history of the DM halos, the probability distribution of
particles in them, and many others [19-22].

The third piece of evidence is highly significant and has provided important
constraints on the properties of dark matter. It relates to the collisions of galaxy
clusters, which, following the discovery and enhanced observations of the gravita-

tional lensing phenomenon, have been observed from a different perspective [23].

Gravitational lensing occurs when light from a distant source is deflected by a
very massive object, causing the image seen by an observer to be distorted. This
effect is explained by the space-time distortion caused by massive objects that
are expected from the general relativity theory (GR) [24]. There are two types of
tfinal images: one where the effect of gravitational lensing is weak, meaning the

deflection is too small to cause noticeable distortion, and the light experiences
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only a minor increase in intensity; and another where the effect is strong, resulting

in a distorted image, or even multiple images of the same object.

One of the most well-known examples that demonstrate the utility of gravita-
tional lensing in the study of dark matter is the bullet cluster (see Figure 2.2). The
bullet cluster (1E 0657-56) consists of the collision of two galaxy clusters, where the
smaller of them can be observed to have the shape of a bullet. Although very dim,
it can be observed in the Carina constellation, about 6° east-southeast of the star
Canopus. When considering the matter content of galaxy clusters, in addition to
the galaxies’ visible light sources, the majority of the visible mass in galaxy clusters
is of intra-cluster gas. In galaxy cluster collisions (such as in the bullet cluster),
this gas is heated and emits X-rays, allowing for precise estimation of its location,
quantity, and mass. However, in the case of the bullet cluster, measurements from
gravitational lensing suggest that, first, not all of the cluster’s mass is visible, and
second, most of the mass is not located with the intra-cluster gas, but rather farther
from the center of the collision.

56
56

57
57"

-55'58'
-5558'

6"58M42° 36° 30° 24° 18° 12* 6"58M42° 36° 30° 24° 18° 12*

Figure 2.2: Left: overlay of visible spectrum image with gravitational lensing
contour lines (in green) of the bullet cluster. Right: overlay X-ray image (with
a blue to white color scale) with gravitational lensing contour lines (in green).
Source: [23].

This image suggests the presence of at least one significant constraint on the
properties of a dark matter particle. It shows that the galaxies (which do not
collide) follow the highest concentration of mass (indicated by the green contour
lines), while the gas (depicted by the blue to white color scale), which does collide,
becomes concentrated in the center of the collision. From the region with the

highest mass concentration, as determined by gravitational lensing, and by using
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detailed hydrodynamic simulations [25], it is possible to estimate the density of
the dark matter in the cluster and establish an upper limit for the self-interaction
cross section of this type of matter, which is estimated to be ox/m, < 1 cm?/g
(or oxx/my < 1.8 barn/GeV? in units commonly used in high energy physics (HEP)).

One of the most recent evidence comes from measurements of the Cosmic Mi-
crowave Background (CMB) [26-28]. The Concordance Cosmological Model [29]
suggests that shortly after the Big Bang, there was a quark and gluon soup, known
as the Quark-Gluon Plasma, along with charged and neutral leptons, photons, and
massive bosons. As the universe cooled, it became possible to form new structures
such as mesons, baryons, atomic nuclei, and more.

Before 380,000 years of expansion, the universe was made up of positive ions,
electrons, photons, and neutrinos. During this period, the conditions were fa-
vorable for interactions between photons and charged particles, meaning that
no photons could escape. Afterward, in the phase known as the "recombination
epoch", the temperature of the universe dropped below the energy required to
ionize hydrogen, allowing neutral atoms to form and become "transparent" to the

existing radiation, which then began traveling through space.

These initial photons make up the CMB and carry crucial information about
the expansion and composition of the universe. Upon measuring this background
radiation, an important feature was observed: its temperature (around 2.725 K
on average) is almost isotropic across space. There are tiny fluctuations, about 1
part in 10,000, in the temperature. Figure 2.3 shows an image from the Planck
experiment [27] depicting the temperature variations in the CMB.

The angular power spectrum, which is defined in terms of the coefficients of the

expansion in spherical harmonics of this temperature variation, can be obtained

as: ,
T(i) Z Z al Ty, (1), (2.12)
=0 m=—/
TT 1 : TP,

2Here using natural units in which ¢ = 1
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Planck Collaboration: The Planck mission
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Figure 2.3: Planck collaboration measurements of the temperature variations of
the CMB. The scale is in uK. Source: [27].

The data obtained by the Planck collaboration and the fit to the data are shown
in Figure 2.4. By convention, the unit is
T _ CJTe(e+1)

o= =L (2.14)
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Figure 2.4: Data (orange circles) obtained by the Planck collaboration for D} T
versus £. The fit to the data points using the ACDM model is given by the blue
curve. Source: [28].

The theoretical prediction, shown by the blue curve, is provided by the lambda
cold dark matter (ACDM) model that is, currently, the model that best accounts

for all observed cosmological data, which proposes that the universe is composed
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of ordinary matter (baryons, electrons, photons, and neutrinos), "cold" dark matter
(currently non-relativistic, i.e., their average velocity v is much smaller than the
speed of light in a vacuum v/c < 1, or, due to structure formation constraints,
that their free streaming length, i.e., the distance the dark matter particle travels
unobstructed, is on the order of 100 light-years), and a cosmological constant A.
This model also assumes that general relativity accurately describes gravitational
interactions. From ACDM [28], the current energy content of the observable uni-
verse can be divided into 68.9% of what is called dark energy, which is denoted by
the cosmological constant, and 31.1% of matter that is further divided into 15.8%
of visible matter and 84.2% of dark matter.

Using this fit, the model estimates the quantity of each of these components
based on our knowledge of visible matter while respecting other constraints re-
lated to dark matter production in the early universe. This assumption is also
crucial for forming gravity wells early in the universe that were deep enough to

develop into the large-scale structures [30] we observe today.

Several hypotheses were suggested to explain all of this evidence. Some of the
most cited hypotheses are the existence of dark (that doesn’t emit light) objects,
such as massive compact halo objects (MACHO:s) [7, 31] made of ordinary matter
or primordial black holes (PBHs) [32], distinct descriptions of the gravitational
force, such as modified Newtonian dynamics (MOND) [33] models, and the as-
sumption of it being made of a particle that isn’t part of the Standard Model.

Objects that fit the category of MACHOs are planetary/stellar-sized objects
such as gaseous planets, brown dwarfs, black holes, etc., that emit none or at least
a very small amount of light, that are faint enough not to be directly observed
with telescopes from Earth. Currently, those objects have already been ruled out as
possible candidates of the complete 84.2% DM content of the universe, although
an upper bound of 15% [34] of galaxy dark matter might be made of these compact
objects that do not emit light. To search for such objects, the technique known as
microlensing [35], which is based on very small brightness fluctuations observed
when a "dark" massive object passes in front of a distant bright object, is used to
infer the properties and density of MACHOs. This same technique is used to study
the existence and estimate the density of PBHs. Even though PBHs of masses

larger than ~ 10~® M have been ruled out by microlensing searches, the lower
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bound on the mass of such objects is as low as ~ 10~ 19 Mg [7], which are yet to
be explored using a myriad of other techniques [32].

Models with MOND have been proposed as a possible explanation for the
distinct behavior of objects on astronomical and cosmological scales for almost
four decades [33]. In these models, the relationship of the force exerted by mas-
sive objects over large distances is distinct from the expected from Newtonian
dynamics, since it proposes a larger acceleration for objects that are in regions with
smaller gravitational fields. Even though several experiments show that MOND
adjusts the observations better than GR [36], it only holds its accuracy for a given
or a few pieces of evidence at each time, needing to be fine-tuned for the different

phenomena that point toward the existence of dark matter.

One of the hypotheses that fit well within the DM evidence on all scales is
that dark matter is composed of subatomic particles [7]. This proposition allows
for distinct theoretical models to "adjust" the parameters of these particles to
regulate the DM density and distribution in the universe. In summary, from all the
evidence discussed above, it is possible to infer certain properties of this potential
candidate:

¢ Stable on cosmological timescales: should have existed at least since the
recombination epoch;

¢ FElectrically neutral: does not interact with photons;

¢ "Cold" enough to account for the observed structures in the universe and the
current dark matter density observed within the ACDM model;

¢ Interacts gravitationally with Standard Model particles and may also have a

very weak coupling that is not yet identified.

One might consider whether any of the Standard Model particles could explain
the missing matter phenomenon. However, the characteristics listed above rule
out this possibility. First, a dark matter particle cannot interact electromagnetically,
excluding all quarks, charged leptons, the W* bosons, and the photon. It also
cannot interact via the strong force, which rules out gluons, and it must be stable
on cosmological timescales, thus eliminating the Z and H bosons as candidates.
Neutrinos were once considered as potential dark matter particles, but they are
too fast, or "hot", and do not align with the ACDM model.
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Given its characteristics, there are several ways to search for a potential dark
matter candidate. The experimental setups rely on possible interactions of the DM
particle with the SM in different ways, which are complementary to each other.

2.2 Types of Searches for Dark Matter Particles

Considering the case where the missing matter phenomena are caused by a
non-relativistic dark matter particle, there are a few different ways to observe that

particle, as shown in Figure 2.5:

¢ Direct Detection (DDet): the interaction between a DM and an SM particle
could generate a visible signal;

¢ Indirect Detection (IDet): the detection of SM particles coming from DM
particles decay or annihilation is also a potential visible signal;

¢ Production at colliders: given that the DM particle could interact with SM

particles, it could be produced at particle accelerators.

thermal freeze-out (early Univ.)

indirect detection (now)
e T

DM Xﬂ!
DM SM
e —
production at colliders

direct detection

Figure 2.5: Diagram for dark matter detection. From left to right: dark matter
annihilation (indirect detection); from bottom to top: dark matter interaction
with Standard Model particles (direct detection); from right to left: dark matter
production in particle colliders.

A direct detection signal [37, 38] can help determine the mass of the dark matter
particle, as the type of signal observed in a given detector depends on it. Addition-
ally, the spin of the particle can be inferred from the number of interactions with a
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particular material in the detector, which is directly influenced by the interaction
cross section and, consequently, the spins of the involved particles.

This signal may appear as photons emitted by an excited nucleus after being
struck by a DM particle, scintillation light from the nucleus recoil, atomic ioniza-
tion, or lattice vibrations in the form of phonons, corresponding to MeV to GeV
mass DM particles. It may also appear as electron transitions in crystal band gaps,
electron recoil from DM-nucleon scattering, or phonon excitation in crystals from a
few keV to a few MeV DM particle masses. Experiments relying on these methods
of DM detection are XENONNT, LZ, DarkSide-50, PandaX-4T, CRESST-III, and
others [39-45].

An indirect detection signal [46, 47] will vary depending on the type of DM
particle considered. Examples include an excess of gamma-ray photons, neutrinos,
or cosmic rays, concerning the expected background from known sources. These
can be detected using neutrino detectors and telescopes on Earth, or through par-
ticle detectors as telescopes located in Earth’s orbit, such as Fermi-LAT, H.E.S.S.,
MAGIC, IceCube, and many more [48-54].

The final method, which is the focus of this work, involves the production
of DM particles in hadron colliders® and their "detection” in particle detectors
[55]. The main challenge of this method is the production of the DM particles
themselves, as a significant cross section is required for their creation in a particle
collider. To compensate for the lack of a cross section large enough to easily ob-
serve these particles, particle accelerators have very large luminosity, or, in other

words, a very large rate of particle collisions.

Furthermore, since DM particles interact only rarely with Standard Model
particles, no signal of their interaction can be produced directly in a particle
detector during a collision experiment. However, their production can be inferred
through a detailed analysis of the collisions recorded in the detector. The expected
signal left from the DM particles in particle detectors is directly dependent on the
theoretical model suggesting a given type of beyond the Standard Model (BSM)

3The choice of hadron colliders is due to the straightforward capability of these collisions to
explore a larger range of center-of-mass energy, Ecys, without changing the parameters of the
colliding beams of particles. This makes hadron colliders the best choice for the discovery of new
particles.
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particles and their characteristics.

2.3 An Overview of Models for Dark Matter Particles

From the characteristics of possible DM particles discussed above, there are
several distinct theoretical models for including new particles to extend the SM
and accommodate the dark matter evidence. Following the outlook given in Ref.
[56] to introduce models that are commonly studied in particle colliders, these
models can be categorized as simplified models, which add a pair of particles to
the Standard Model, and extended models.

2.3.1 Simplified Dark Matter Models

The simplest DM models propose the addition of a massive fermionic DM
particle, denoted by ), and a massive mediator that couples this particle to the
SM. This coupling to the SM is needed, otherwise, it would not be possible to
produce the dark matter fermion inside a particle collider. These cases are also
referred to as portals, given that the mediator serves as a gateway that connects
SM to DM. This mediator can be a scalar, pseudo-scalar, vector, or axial-vector
[57], depending on the model. It can also interact differently with SM and DM
particles, which implies distinct signals to be searched for in particle colliders.

Equations 2.15-2.18 show the interaction terms that are added to the La-

grangian of the SM in the scalar, pseudo-scalar, vector, and axial-vector models,

respectively:
LD Sx +iz ff (2.15)
YDMOXX /2 - Yert, .
. ] P -
LD —iypmPxy’x — NG Y vify°f, (2.16)
f
LD —gpomZu XYM x — ;gfz;fv"f, (2.17)
LD —gpmZy X" vsx — ;ngLJ_‘v"'ysf, (2.18)

where ypy denotes the Yukawa coupling between a scalar/pseudo-scalar media-
tor with the dark matter particle, gpp denotes the coupling of the vector/axial-
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vector mediator with x, S (P) represents a scalar (pseudo-scalar) mediator and

Zj, a vector or axial-vector mediator, y ¢ denotes the Yukawa coupling between a
mf8f
0
the Higgs boson vacuum expectation value (VEV) and g denotes the coupling

scalar/pseudo-scalar mediator with the SM fermions given by , where v is
of the vector/axial-vector mediator with Standard Model particles. In vector and
axial-vector models, the coupling g/ is usually taken to be universal with the
distinct types of quarks and leptons, i.e., there is one value of g, and g; for all
quarks and leptons, respectively.

The interactions observed in the Lagrangian terms above allow for pairs of
SM /DM particles to be produced from the collision of SM particles, being medi-
ated by the included bosons. Figure 2.6 shows the Feynman diagrams that are
common for each type of mediator. Some particular cases of interest arise when
the mediators assume a specific form. In the case of the scalar mediator, it has
been proposed that among the invisible decays of the SM Higgs boson that are
theoretically calculated to be 0.1% of its branching fraction [58], and has the upper
limit experimentally measured of 10.7% [5], a part of its decays could be into DM
particles. Another possibility is that it can be a dark Higgs (Hp) [59-61], i.e., a
new particle analogous to the Higgs boson that mixes with the SM Higgs, making
it possible for the Hp to decay into pairs of SM particles and the standard Higgs
boson to decay into pairs of DM particles.

If the mediator is a pseudo-scalar, it can be an axion-like particle (ALP) [62-64].
It has been proposed due to its connection to the strong charge conjugation parity
problem in quantum chromodynamics (QCD) [65]. The ALP interacts with the SM
via an effective coupling to broaden the new physics that can be studied from this
assumption, which can be seen as the parameter A in Figure 2.6. Finally, a vector
boson can be what is called a dark photon yp [66], which can be assumed to mix
with either the SM photon and Z boson. Similarly to the Hp case, it is then possible
for SM photons to decay into DM particles, and for the dark photon to decay into
SM particles. In this particular case, from the DM evidence that was discussed
above, the DM particles must have a very small electric charge, usually known as
a millicharge, given that its interaction with the SM photon is constrained to be
very small [67].

Another example of a simplified model proposes the addition of a complex



Chapter 2. Evidences, Models, and Searches for Dark Matter 17

Spin-0 portal Spin-1 portal

Scalar /
dark Higgs /
Higgs 125

Vector /
Axial-vector

9DM

Pseudoscalar /
Axion-like particle

Dark photon

Figure 2.6: Feynman diagrams for distinct types of simplified models. Source: [56]

scalar mediator that directly couples to DM and SM fermions [68, 69]. The interac-
tion term in the Lagrangian is given by the following expression:

1j

where A;; are the Yukawa couplings, ® is the mediator, and the indices i and j
are looped over the DM and SM flavors, respectively. Figure 2.7 shows Feynman

diagrams of production modes involving the ® boson.

Even though the simplified models allow for a very large scan of the DM
parameter space [70], the interactions described above are only apparently renor-
malizable, usually violating unitarity constraints [71, 72], leading to nonphysical
predictions. The mechanism to adjust these models is to include additional parti-
cles in the dark sector (DS) in the so-called extended dark matter models.

2.3.2 Extended Dark Matter Models

The interaction between SM and dark sector particles in more complex DM
models works similarly to the above, via portals, but they include more particles
in the DS, enriching the dynamics of the model interactions while providing more
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Figure 2.7: Feynman diagrams for some production modes involving the ® boson:
on the left via gluon boson fusion, and on the right a t-channel mediated produc-
tion of a pair of DM particles. Source: [56]

observables of interest to collider searches. Most of these models are also labeled
complete because they are designed not to violate perturbative unitarity and are
UV complete. Examples of such models that are searched for in modern particle
colliders are the two-Higgs doublet model plus a pseudoscalar (2HDM-+a) [73],
where the SM-DS interaction is mediated by the added pseudoscalar; inelastic
dark matter (IDM) models [74], in which two nearly mass degenerate states are
included in the DS allowing for the production of both states in inelastic couplings
typically mediated by a dark photon; hidden valleys [75] that add a copy of the SM
QCD with a non-Abelian SU(N k) and a broken U (1) gauge group to include
the interaction between the two sectors via a heavy vector portal; and models with
supersymmetry (SUSY) [76, 77], where the lightest supersymmetric particle (LSP)
is the usual candidate for a dark matter particle.

In short, SUSY is based on the assumption that the SM fields have the so-called
supersymmetric partners, which are fields with the spin component changed from
half-integer to integer and vice versa. The Standard Model fermions gain scalar
partners, the squarks and sleptons, and the Standard Model bosons gain fermionic
partners, the gauginos and higgsinos. Similarly to the SM, the SUSY particles
acquire mass through a supersymmetry-breaking mechanism, which can be rather
different depending on the assumptions made in a given model, and is crucial to
explain the absence of SUSY particles being found in modern colliders. Several
models can be considered where SUSY is added to the SM such as the minimal
supersymmetric SM (MSSM) [78, 79], split SUSY [80], R-parity violating (RPV)
SUSY [81], gauge mediated SUSY breaking models [82] and others [83, 84]. In
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particular, the focus of this work is on the SUSY model named anomaly-mediated
SUSY breaking (AMSB) [85, 86].

Anomaly-Mediated SUSY Breaking

The AMSB model proposes that the SUSY breaking mechanism doesn’t couple
directly to matter fields. Communicating the effects of SUSY breaking depends on
supergravity, where the mechanism to transmit the breaking is via a loop-induced
super-Weyl anomaly, which, in practical terms, means that the gaugino masses

and sparticle masses squared will be dependent on the mass of the gravitino, ms,.

One issue with the pure AMSB model is that a negative mass squared for
the sleptons arises from renormalization, which is solved in the minimal AMSB
[87, 88] (mAMSB) by the addition of a term m%, where m is known as the common
scalar mass. In summary, the theory is defined by only four parameters: myg, 1,
tan(B) (the Higgs VEVs ratio), and the signal of the Higgsino mass term, sign(u).

The gaugino masses M, M, and M3, respectively, the bino, wino, and gluino,
at tree level are defined as:

33 ¢?
1= §16g7lrz M3y, (2.20)
g2
My = 7225 6; 513y, (2.21)
gz
M; = —316%;713/2, (2.22)

where g1, g2 and g3 are the U(1), SU(2) and SU(3) gauge coupling constants.

For this work, the most striking feature of this theory is that the masses of the
lightest chargino ()ﬁ), mixed state of the charged fields of the SUSY partners of
SM bosons, and the lightest neutralino (X(l)), mixed state of the neutral fields of the
SUSY partners of SM bosons, are nearly-degenerate, usually on the order of the
Standard Model pion mass O(100 MeV). Following the notation in Ref. [87], the
mass splitting between these two particles is given by:

DCMZ

m [f (m%/M%) — cos? Ow f (m%/M%)] . (2.23)
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where « is the fine-structure constant, 0yy is the weak mixing angle, M, is defined
in Equation 2.21 above, mz and myy are the SM Z and W bosons’ mass, respectively,
and f(x) is:

2
flx) = —E—kx—lnx—i—1 <1+E> Vax — x2 {arctan

— arctan

2—x X
48 2 2 Vax — 2 \/4x(— ij '
2.2

The mass difference, in the limit where M, — oo, can be reduced to [87]:

2 3
Ag = — W [1 3 mW+O<mW>], (2.25)

2(1+cosfy) | 8cosfyy M2 M
that asymptotically tends to Ay = % ~ 165 MeV.

Moreover, the very small mass splitting acts as a constraint in the decay of
the chargino. This feature implies the possibility of the chargino traveling a
substantial distance after its production, giving rise to visible effects in modern
particle detectors. The average distance traveled by the chargino in this scenario is
[86]:

5/ 1/2
E
L= ( GeV > 1 x 1072 cm, (2.26)

where E is the energy of the chargino. It is possible to find that, using Ay = 140
MeV (~ my)and E = 2mgp+, Lis ~ 3.2 m. Also, a mass difference of the order of
the pion mass allows for the following chargino decays [89]:

X (2.27)
5= Betv, (2.28)
X — By, (2.29)

which will be of interest for the main goal of this work discussed in Chapter 4.

Since this model is assumed to conserve R-parity, that is, the Ur (1) symmetry
between the SM and SUSY fields is not violated, the so-called lightest supersym-
metric particle (LSP) has to be stable, given that a supersymmetric particle cannot
decay into SM particles only. Conveniently, in the AMSB, the LSP is the neutralino,
which makes for a very appealing DM candidate, since it doesn’t have electric or

strong charges and can be rather massive. A deeper look into the phenomenology
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of ) being a dark matter candidate is performed in Ref. [88].

Often, extended dark sector models exhibit more interesting signatures to be
searched for in particle colliders. However, there are several ways that dark matter
particles are indirectly probed, even when considering the simplest extensions to
the SM.

2.4 Dark Matter Searches in Particle Colliders

Distinct dark matter models are studied at modern particle detectors with the
most varied signatures. However, given the small interaction between DM and
SM, these particles are not directly observed by particle detectors, so the detection

relies on the missing transverse momentum piis$, calculated as:

visible

N
1

Therefore, to be observed, the dark matter particle should be produced in

miss | _
T =

pss = |p (2.30)

association with some visible object, such as SM leptons, hadronic jets*, or a SM
boson, such as a Z or Higgs boson, that will subsequently decay. These searches
usually focus on finding deviations in the pi** distribution when compared to
the SM predictions.

An alternative approach, instead of using the missing transverse momentum,
is to search for new mediators that interact both with SM particles and the dark
matter particles by looking at their decay into Standard Model particles, especially
in the case where these mediators are assumed to be heavier than SM mediators.
In most cases, these searches try to find unexplained localized excesses in the mass
distribution of pairs of hadronic jets or leptons.

Furthermore, most of these signatures can be split into those that have the dark
sector particle decaying promptly and non-promptly.

4Collection of hadronic particles collimated in a given region of the particle detectors.
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24.1 Promptly Decaying Particles

The most commonly explored models are those where most of the dark sector
particles (except for the DM particle) decay promptly after the collision, that is,
the region in the particle detectors where the particles are produced is near the
particles interaction point, and mainly probe the existence of the DM particle in
association with X, which stands for any visible final state object. Apart from
the piss + X signature, DM particles are also studied by searching for the decay
products of BSM particles, such as new mediator bosons, supersymmetric par-
ticles, and others, that are predicted in models that contain a dark matter candidate.

Taking the CMS collaboration [90] of the LHC [91] as an example5, there is a
vast program of searches for promptly decaying dark sector particles. From the
simplified models, e.g., with searches for spin-0 and -1 and fermionic mediators,
all the way up to more complex models such as SUSY-related, UV complete two
Higgs doublet models, and many others .

Currently, there is no evidence that a DM candidate was produced in a particle
collider, however, an important aspect of these searches in particle colliders is that
they are complementary to other detection methods, and it is quite straightfor-
ward to extract limits and compare them. Figure 2.8 shows an example of such a
comparison, where the latest results for CMS searches in the context of simplified
models are converted to the same observables as DDet experiments and the results
are displayed in terms of the DM particle mass and the spin-independent (SI)
DM-nucleon scattering cross section. Notice that, given the lack of sensitivity of
DDet experiments to masses smaller than ~ 3 GeV, the limits from the particle
collision experiment are better in that region. An extensive report about the com-
plementarity of collider searches with direct and indirect detections, while also
taking into account constraints of DM from astrophysics and cosmology, can be
found in Ref. [56].

Most commonly, the particle collider searches focus on a few of the dark sector
particle parameters, mainly their masses and couplings to DM and SM. However,

it is possible to explore another important characteristic of these particles, without

5In the LHC, most of the experiments cooperate in the search for DM evidence [92-94]. In
particular, the ATLAS collaboration performs very similar searches as the CMS, intending to find a
DM candidate produced by particle collisions.
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Figure 2.8: Comparison of CMS and direct detection experiments exclusion limits
in the plane mpy — 0!, The limits are extracted with 90% CL. CMS searches for
simplified DM models are translated into DDet observables and are compared
with limits from the CRESST-III [43], DarkSide-50 [41], PandaX-4T [42], XENONNT
[39], and LZ [40] experiments. Source: [56].

loss of sensitivity by the particle colliders, which is their lifetime.

2.4.2 Long-Lived Particles

Considering the lifetime of BSM particles opens up a new dimension in the
parameter space to search for DM evidence in particle colliders. Given that the
searches for promptly decaying DS particles were becoming saturated, i.e., the
limits on the invariant mass of dijet/dilepton and even SUSY-related signatures
reaching values of the same order of magnitude as the highest center of mass

energy achieved by particle colliders, a paradigm shift was needed.

Particles with lifetimes large enough to be seen in particle detectors are named
long-lived particles (LLP). Dark sector LLPs can generate a myriad of distinct
signatures in a particle collider, depending on the type of model and the properties
and interactions of these particles with the Standard Model. Figure 2.9 shows
some of these different signals. Modern particle colliders are built in layers to
measure distinct properties of SM particles (more about this in Chapter 3). The
distinct layers can be used to detect LLPs depending on their lifetime, i.e., where
they decay in the detector, and their decay products.
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Figure 2.9: Distinct signatures for dark sector LLPs that are explored in CMS.
Source: [95].

To showcase the richness of including this observable in searches for BSM
models, Figure 2.10 displays the current limits of LLP searches performed by the
CMS collaboration [96] at 95% confidence level (CL). Typically, the lifetime of an
LLP is measured in terms of ct, where c is the speed of light in vacuum and 7 is its
proper lifetime. The choice of using cT is because it is easier to relate this quantity
to the size of the detector and the particle’s decay length. The decay length is what

is effectively measured in the particle detector, defined as the geometrical distance
between the LLP production and decay points.

In this work, the signature of interest is that of a disappearing track, a charged
LLP that "disappears" inside a charged particle tracker, which will be studied
in Chapter 4. In the AMSB model this signature is produced by the long-lived
chargino, described in Section 2.3.2. Before that, a description of the CMS detector,
the modern particle detector used to collect the data for this work, is needed to

understand the interactions of the disappearing tracks with the detector.
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Figure 2.10: Overview of the CMS LLP searches. Shown are the limits on the

lifetimes of the LLP at 95% CL. Source: [96].



Chapter 3

The CMS Experiment

The advancement of particle accelerators was of utmost importance to explore
elementary particles and their interactions. Most of the particles in the standard
model were discovered using these devices. It was not only essential to reach
increasingly higher energies to generate more massive particles but also to design
particle detectors capable of identifying, reconstructing, and analyzing particles

produced in high-energy collisions within a practical time frame.

The world’s largest particle accelerator is currently located at the European
Organization for Nuclear Research (CERN). The Large Hadron Collider (LHC)
[91] is a high-energy particle collision ring with a circumference of 27 km. The
data taking is divided into periods of a few years each, called Runs. Currently,
the experiment is going through Run 3, which started in 2022 and is planned to
tinish in the middle of 2026. In Run 3 proton-proton (pp) collisions, the highest
center-of-mass energy reached to date is /s = 13.6 TeV, while reaching a maxi-

2

mum instantaneous luminosity of ~ 2 x 103 cm~2 s~! using beams of up to 2464

bunches, each containing approximately 1.2 x 10! protons.

Particles are accelerated with the help of eight radio frequency superconduct-
ing cavities (per beam), providing 2 MV of accelerating voltage per particle per
passage. With a revolution frequency of about 11245 Hz, this results in 0.18 TeV /s,
theoretically requiring only 33.3 s to reach 13 TeV in pp collisions. However, in
practice, the process takes approximately 20 minutes because maintaining a tightly
focused beam is more critical than achieving maximum energy, and not all of the 2

MYV fully impacts the protons.

The LHC's ring comprises 1232 main dipoles, cooled to roughly 2 K, enabling
them to act as superconductors and generate magnetic fields exceeding 8 T to bend
the particle beams. Additionally, 392 main quadrupoles focus the beams, while

nearly 8000 auxiliary magnets are used for beam corrections (also maintained at ~

26
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2 K).

Besides the powerful magnets used to direct particle trajectories and focus
the bunches, an exceptionally efficient vacuum system (referred to as the beam
vacuum) is required to clear the beam pipe for their passage. In the absence of
leaks and under cryogenic conditions, the pressure stabilizes at approximately

10~° mbar, which is about ~ 10~? times atmospheric pressure.

During the so-called third long shutdown (a period that will last from the
middle of 2026 until ~ 2029), the machine will be upgraded to the high-luminosity
LHC (HL-LHC) [97], a stage where the instantaneous luminosity is estimated to
reach up to 7.5 x 103 cm~2 s, which poses complex challenges to be overcome

by its experiments.

The LHC hosts four primary experiments: ALICE (A Large Ion Collider Ex-
periment) [98], ATLAS (A Toroidal LHC AparatuS) [99], CMS (Compact Muon
Solenoid) [90], and LHCb (Large Hadron Collider beauty) [100]. LHCb and ALICE
are specialized detectors, designed for the study of B hadrons physics and heavy-
ion collisions, respectively. ATLAS and CMS are versatile detectors capable of
detecting all SM particles either directly or indirectly, also called general-purpose
detectors.

The CMS [90] is a general-purpose, cylindrical detector with a diameter of 15
m and a length of 21 m, capable of producing a constant magnetic field of 3.8 T at
its center. It weighs approximately 14000 tons, primarily due to the massive field
return yokes required to manage the return of the extremely strong magnetic field.

The construction of the CMS detector was designed with a focus on ensur-
ing the subdetectors could withstand extreme operating conditions, such as the
intense uniform magnetic field, the high radiation levels, and optimizing the cost-
effectiveness of each subdetector. These harsh conditions are particularly true, not
only because of the very high rate of bunch crossings of 40 MHz but also because
the pileup (PU), i.e., the number of concurrent proton-proton collisions per bunch

crossing, can reach up to an average of ~ 60.

CMS consists of four primary subdetectors: the charged particle tracker (here-



Chapter 3. The CMS Experiment 28

o Superconducting Solenoid

Very-forward I l I 77 /
. (]
]

SiliconTracker

Pixel Detector
Calorimeter

Preshower

Calorimeter
Electromagnetic i 2 (e !
Calorimeter M & S A\ | Muon

il ¥ h 1 ) Detectors

Corr;pact Muon Solenoid

Figure 3.1: Scheme of the CMS detector showing each of its subdetectors. Source
[101].

after referred to only as tracker), the electromagnetic (ECAL) and hadronic (HCAL)
calorimeters, and the muon system. Each subdetector serves a specific purpose
and was developed with an emphasis on achieving excellence in data collection
and precision. Figure 3.1 shows a schematic of the CMS detector, highlighting

some of its subdetectors along with the superconducting solenoid.

Following the LHC schedule, the experiment went through upgrades to im-
prove the performance of its subdetectors. More notably, the Phase-I upgrade
[102-105] that happened during the first and second long shutdowns, in which
several modifications were implemented in, essentially, every subsystem of the
detector. However, to be able to withstand the high luminosity environment of the
HL-LHC upgrade, the Phase-II upgrade [106-114] is foreseen to take place during
the third long shutdown.

3.1 Tracker

The tracker (Figure 3.2), as its name suggests, is a silicon-based detector de-

signed to track the trajectory of charged particles. It is further divided into two
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subsections: the inner tracker, which uses silicon pixels, and the outer tracker,
which relies on silicon microstrips. Both subsections operate on the same detec-
tion principle: a bias voltage is applied to a doped silicon sensor so that, when a
charged particle passes through the material, it generates electron-hole pairs that
are attracted to the cathode and anode, respectively, producing an electric current

that can be measured.
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Figure 3.2: A quarter of the CMS detector tracker sketch, showing the sections of
the pixels and strips. Mono and stereo strip modules are shown as red and blue
lines, respectively. Source [107] (modified).

The division into two subsections arises from the need for high granularity
in the region closest to the interaction point (IP), where the IP is the physical
point where the pp collisions happen inside the beam pipe. This ensures greater
accuracy in reconstructing the characteristics of charged particles and vertices,
regions where more than one charged particle originated, while also optimizing

material costs.

The pixel detector is divided into three regions surrounding the IP: the barrel
(BPix), which consists of four concentric cylinders aligned with the z and - ¢ axes
relative to the IP (located at the origin of the r, ¢, z coordinate system), and the
two endcaps (FPix), which are the "lids" of the detector, three concentric disks on
each side of the detector positioned at defined distances along the z-axis. The pixel

region provides coverage for a pseudo-rapidity of || < 2.5.

Each pixel has dimensions of 100 ym x 150 ym and a thickness of 285 (300)
pm for barrel (endcap) pixels. This configuration ensures a spatial resolution of
10 — 40 ym depending on the axis being considered. Silicon was chosen due to

its manufacturing allowing for high granularity, strong resistance to radiation,
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excellent performance in high magnetic field regions (especially in the endcaps,
where the solenoid’s magnetic field is non-uniform), and its ease of manipulation

at the microscopic scale by the industry.

For strips, there are four regions surrounding the IP and the pixel detector: the
inner barrel (TIB; 4 concentric cylinders), the inner disks (TID; 3 concentric disks
on each side of the detector, symmetrically positioned about z = 0), the outer barrel
(TOB; 6 concentric cylinders), and the endcaps (TEC; 9 concentric disks on each
side of the detector).

Since this subsection does not require such a high granularity (thanks to the
pixel detector), and material cost efficiency is also important, micro-strips are used.
These are silicon bands for detecting charged particles, with dimensions of 10
cm X 80 pym in the inner region and 25 cm x 180 ym in the outer region. This
subsection also covers a pseudo-rapidity of || < 2.5.

Additionally, the tracker as a whole must maintain precise temperature control
to optimize the performance of silicon sensors and electronic components, ensure
high spatial measurement resolution (to counteract dimensional changes in the
subdetector caused by temperature variations), and mitigate the effects of radiation
on its components. The tracker sensors are operated at ~ —20°C.

3.2 Electromagnetic Calorimeter

The second subdetector is the ECAL (Figure 3.3), which is responsible for
measuring the energy of electrons, positrons, and photons that get to it. An elec-
tromagnetic calorimeter must have a high capacity for electromagnetic interaction,
strong resistance to radiation, precise measurement accuracy to determine the
energy of incident particles, and a fast response time. Specifically, the ECAL also
requires excellent performance in the 3.8 T magnetic field region, as it operates
within the CMS solenoid.

The ECAL is composed of approximately 80,000 PbWOQ; crystals, which have a
high density of 8.28 g/cm? and a radiation length, X, of 8.9 mm, with a Moliere
radius of 22 mm. This means that electromagnetic particle showers will be mostly
contained within this region. The crystals are resistant to radiation and, even
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Figure 3.3: Scheme of the ECAL subdetector. Modules of crystals are assembled
and then allocated in the barrel and endcaps. The CMS preshower detector is also
shown. Source [115].

though they may darken due to prolonged radiation exposure, this effect can be
calibrated. Additionally, the crystals have a scintillation time of approximately 25
ns, which remains unaffected by the darkening. A key feature of these crystals is
that they are transparent to their scintillation light.

The measurement of photons and electrons (positrons) energy is based on
the scintillation of these crystals. When a charged particle, such as an electron
(positron), interacts with the medium, electromagnetic interaction processes like
Bremsstrahlung, Cherenkov radiation, Moller scattering, etc., produce a photon
and another electron (positron), which then interacts again, generating several
other particles. For photons, processes like electron-positron pair production,
Compton scattering, and the photoelectric effect lead to a shower of particles. The
intensity of the signal produced by this particle shower is proportional to the
energy of the incident particle.

The ECAL crystals are divided into two regions: the barrel (EB), where the
crystals are arranged radially relative to the IP, with a specific inclination depend-
ing on the pseudo-rapidity, and the endcaps (EE), where the crystals closest to the
IP (high pseudo-rapidity) are almost parallel to the beam axis, while those further
away (as pseudo-rapidity decreases) are angled relative to the z-axis, depending
on |1|. The barrel covers the region || < 1.479 and consists of trapezoidal crystals,
230 mm long (corresponding to 25.8 X), with faces measuring 22 x 22 mm?

at the IP side and 26 x 26 mm? at the far side. The endcaps cover the region



Chapter 3. The CMS Experiment 32

1.479 < |y| < 3.0, with crystals of the same shape as the barrel but 220 mm in
length (corresponding to 24.7 X)), and with the faces closest and farthest from the
IP measuring 28.62 x 28.62 mm? and 30 x 30 mm?, respectively.

In the barrel, an avalanche photodiode is placed on the side of the crystal
farthest from the IP. This device absorbs the particles produced by the interaction
of the incident particle, converts the pulse into an electrical signal, amplifies the
signal, and sends it for analysis. In the endcaps, due to the high inhomogeneity
of the magnetic field, vacuum phototriodes are used for this function, as they

perform well under such conditions.

Additionally, the CMS preshower detector is part of the ECAL. Located in the
endcaps, this detector covers the region 1.653 < |77| < 2.6 and is designed to detect
neutral pions, whose most likely decay product is two photons.

For ECAL, temperature control is also crucial. The gain of photodiodes and
phototriodes is temperature-dependent, and small temperature fluctuations can
lead to significant variations in the measured energy. To optimize the resolution of
the subdetector, the temperature must be maintained at (18.00 £ 0.05) °C.

3.3 Hadronic Calorimeter

The HCAL (Figure 3.4) is divided into four regions: the barrel (HB), the end-
caps (HE), the outer calorimeter (HO), and the forward calorimeter (HF). Each of
these regions is designed to measure the energy deposited by hadronic jets, with
the primary differences being their locations and the types of absorbing and active
media used (such as the higher radiation levels received by the HF, for instance).

The regions consist of an absorbing medium (brass and steel plates) and an
active medium (plastic scintillators in the case of HB and HO, and quartz-based
scintillators in the case of HEs and HFs) combined. Steel plates form the first and
last components of each region, with brass plates and the corresponding active
medium placed between them. For example, in HB, from the plate closest to the
IP to the furthest, the structure includes: a 40 mm thick steel plate, 14 brass plates
with thicknesses of 50.5 mm for the first eight and 56.5 mm for the last six, with
the active medium (plastic scintillator) between them, followed by another steel
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Figure 3.4: Scheme of the HCAL and its sections. The colors indicate the CMS
subdetectors (pink for the tracker, green for ECAL, blue for the HCAL regions,
and red and orange for the muon system). Source [116].

RIMIPLT

plate that is 75 mm thick.

The absorbing medium ensures that incident hadrons interact within the detec-
tor (approximately ten interaction lengths, A}, in all HCAL regions), generating
a shower of hadronic and electromagnetic particles. These particles, upon inter-
acting with the active medium, emit a brief light pulse (either fluorescence or
Cherenkov light, depending on the active medium), which is detected by photo-
sensitive devices called hybrid photodiodes (replaced by silicon photomultipliers
in the Phase 1 Upgrade of the HCAL [104]). Similar to the ECAL, the intensity of
the detected signal is proportional to the energy of the incident particle.

Each HCAL region is designed to cover different pseudo-rapidity values, which
dictate the choice of absorbing and active media. The greater the pseudo-rapidity,
the higher the incident radiation on the HCAL components. Additionally, in
the high |7 | regions, the magnetic field becomes highly non-uniform. Therefore,
specific brass alloys and quartz scintillators are used in HFs and HEs, as they are
more resistant to radiation, unlike plastic scintillators, which have a lower toler-
ance. These materials are also capable of operating without significant influence
from the magnetic field. All HCAL regions cover a total pseudo-rapidity range of
|n| < 5, with HB covering |#| < 1.3, HO also covering |1| < 1.3, HEs extending
from 1.3 < |57| < 3, and HFs spanning 3 < || < 5 (which experience very high
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incident radiation).

In the region up to |77| = 1.3, EB and HB alone are insufficient to detect all the
hadronic jets, i.e., the interaction length is not enough to stop all objects, neces-
sitating the development of another calorimeter to capture these jets. The HO is
positioned after the first iron wall, which is essential for the return of the magnetic
field. This wall aids in the containment of hadrons and the formation of showers
that will be detected by the HO.

The calorimetry system (ECAL + HCAL) was designed to capture almost every
product of a particle collision, except for muons and neutrinos, and to be hermetic,

meaning it covers as much of the area around the IP as possible.

3.4 Muons System

The CMS experiment was specifically designed to detect events involving
muons using a separate spectrometer. Since it is positioned after the calorimeters,
it is expected that only muons will leave detectable traces in this subdetector. The
CMS muon detection system (Figure 3.5, which already takes into account the
Run 3 and Phase-II upgrades with the addition of the MEO, iRPCs, and GEMs
[111]) needs to have a fast response time, a high capability to detect, identify, and
track muon trajectories and vertices, while also providing precise measurements
of muon momentum. Additionally, due to its large active detection area (approxi-

mately 28,000 m?), the components should be cost-effective, yet highly reliable.

The muon system is composed of four types of detectors, all based on similar
detection principles: drift tubes (DT), which provide high-resolution position mea-
surements; cathode strip chambers (CSC), which measure the position of charged
particles and can operate in regions with strong and non-uniform magnetic fields;
resistive plate chambers (RPC), which are capable of recognizing muon events
at very high rates (faster than 25 ns); and gas electron multipliers (GEM), that
were installed during the second long shutdown, and were developed to provide
efficient measurements even in the higher radiation section of higher 7. By utiliz-
ing all four systemes, it is possible to quickly and accurately identify muon events
and measure their position and momentum, even in the harsh environment of the

upgraded LHC during Run 3.
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Figure 3.5: View of a quarter of the muon detection system. The types of detectors
are separated by color: DTs - yellow; CSCs - green; RPCs - blue; GEMs - red;
MEQO - orange; and iRPCs - purple. The last three are part of the Phase-II upgrade
but had testing modules installed for checks in Run 3. Length, radius, and some
pseudo-rapidity values are also indicated. Source [117].

An important note is that the iRPCs are a type of RPCs that were designed
to improve the coverage of the muon system without loss of efficiency and to be
able to cope with the more radiation-affected region of the detector. Up until now,
a few modules of the GEMs and iRPCs were installed for studies, with the full
capability of these subsystems to be explored during Phase-II of the CMS detector.

The detection of muons is carried out by the four types of detectors as follows:
a specific gas mixture (which varies for each type) is ionized when a muon passes
through with energy greater than or equal to that of a minimum ionizing particle
(MIP). High and precise potential differences are applied to the cathodes and
anodes to generate an electric field (in some cases, electrodes are also used to
contain this field and prevent electrical discharges), causing positive ions to be
attracted to the cathode and electrons to be drawn to the anode, producing an
electrical signal that can identify muon events and measure their position.

All systems exhibit subtle differences, including variations in granularity and
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assembly methods. For example, the RPCs were designed with a double-chamber
detection system, optimizing their performance at the required high rates.

DTs and RPCs are arranged around the IP, aligned parallel to the beam in
barrel formations, while CSCs are positioned like the endcaps of the detector, and
GEMs/iRPCs are included to increase the pseudorapidity of the muon detection.
DTs cover a region of || < 1.2; the CSCs span 0.9 < |5| < 2.4; RPCs cover
7] < 1.9; and GEMs and iRPCs span 1.5 < || < 2.8, providing high-resolution
muon detection across nearly all solid angle.

3.5 The Trigger System

In the CMS experiment, the first stage where events are selected is called the
trigger [118]. Normally, the beams in the LHC cross at a rate of 40 MHz, and
depending on the instantaneous luminosity, more than one proton-proton (pp)
collision can occur during each crossing. Due to the vast amount of data produced
by these collisions, not all data can be read out or stored, and therefore, some
selection must take place. The trigger system was designed to select only the most
relevant events from the total data produced, while being able to sustain the high

rate of LHC collisions, i.e., its decision must be computed in a short amount of time.

The trigger system is divided into two stages: the Level 1 Trigger (L1T) [119]
and the High-Level Trigger (HLT) [120]. The L1T is a set of physics object-based
selections applied via field programmable gate arrays (FPGAs; hardware) directly
to the detector, where the data is collected after an event, and the L1T immediately
begins processing. The L1T was designed to reduce the 40 MHz event rate to

around 100 kHz and process each event in at most 4 microseconds.

Selections are made by identifying candidates for electrons/photons (e/y) and
jets, using information from the ECAL and HCAL, and muon candidates from the
muon system. For the e/ candidates, a variable associated with their isolation
is calculated, and the muon candidates undergo a track-finding algorithm at this
stage. The output of the trigger for events that pass the selection includes candi-
date information and several global variables. Different selections can be made at

this stage depending on the type of physics being studied.
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Given the large volume of events that need to be efficiently selected by the
L1T in Run 3, new algorithmic approaches were included in the classification of
events [121], which are based on machine learning (ML) techniques. These ML
algorithms are implemented in FPGAs via a facilitator software named HLS4ML
[122]. Also, improvements planned for Run 3 within the L1T primarily aim to
extend the physics capabilities of CMS. This is being achieved by introducing spe-
cialized triggers for LLP signatures, refining objects reconstruction and calibration,
using the upgraded calorimeter trigger primitives!' (TPs) and additional muon TPs
provided by the new GEM muon detector, and incorporating further computations
within the global trigger2 (GT) to enable a more versatile L1 trigger algorithm
design. For the LLP signatures, the TPs contain accurate timing information from
the distinct subdetectors, allowing for precise measurements of the time of flight

of the reconstructed objects.

After the L1 trigger, a large number of events still need to be discarded, re-
quiring a second selection stage. The HLT is performed by computer algorithms
(software) after the L1T selections. The goal of the HLT is to further reduce the
event rate from ~100 kHz to a few kHz. The HLT runs on a commodity computer
farm and is implemented with a dedicated configuration of the CMS reconstruc-
tion and analysis software (CMSSW) [123] that is also used for offline processing.
The HLT configuration, called “menu”, is composed of hundreds of event selec-
tion “paths” running in parallel. Each path implements a different event selection
algorithm, written as a set of C++ self-contained modules, specialized to recon-
struct and select events based on a specific final state. In Run 3 the HLT menu
is designed to select events with an average rate of ~ 2 kHz, with an average
processing time smaller than 500 ms. Due to the modular nature of CMSSW, the
event reconstruction is shared by the various paths and is performed only as
needed, starting from the simpler operations, taking O(10-100 ms) to complete, up
to the more complex objects reconstruction and selection that can last for O(100-
1000 ms). The shape of the HLT timing distribution is shown in Fig. 3.6 for a
Run 2 menu, where it is possible to see different structures arising due to the
complexity of distinct paths. For Run 3, the HLT computing farm was upgraded,

where the event processing is carried out by 25,600 central processing unit (CPU)

ITrigger primitives are objects that come from a small resolution readout of the CMS detector.
2The global trigger gives the final decision of the L1T, if the event is accepted or not based on its
characteristics.
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cores and 400 graphics processing unit (GPU) cards. As with the L1T, various
selection algorithms are applied depending on the events of interest being targeted.

CMS Preliminary 13 TeV
average pileup 42.5+ 0.1
average:inst: luminosity (13.2 #0.03)x1 0?3 Hz:cm?

-
o
)

T

events / 5 [ms]

. average processing time 149+ 1 ms
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_.
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Figure 3.6: HLT menu timing measurement using a 2016 run as an example. Three
distinct structures can be seen in the shape of the distribution: a peak around 20
ms related to events that pass or fail the HLT selection based on L1T, calorimeter
or standalone muon information; a peak around 100 ms related to events that are
accepted or rejected based on pixel or global muon information or the electron
reconstruction; and a tail that relates to the events that are rejected /accepted based
on the full tracking and physics objects reconstruction. Source: [124].

Besides the computational power increase, the HLT events reconstruction also
utilizes multithreading to increase the throughput of events and mitigate the con-
sumption of memory per CPU core. A thread is a list of instructions to be executed
by the given processor, where CPU architectures are designed to process a smaller
number of sequential, and more complex, lists of instructions. Adopted in 2015,
the multithreaded CMSSW framework was implemented via Intel’s thread build-
ing blocks (TBB) library oneTBB [125], which organizes concurrent workloads as
tasks and dispatches them using oneTBB's task scheduler. Currently, production
jobs are configured to use eight threads by default, balancing memory usage and
CPU efficiency effectively.

The earlier version of the multithreaded framework only allowed for the con-
current processing of separate events. Synchronization between worker threads
was required at certain stages of data handling, and combined with the signif-

icant variation in processing time across collision events, this resulted in some
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inefficiency in CPU usage. Over time, threading efficiency has significantly im-
proved [126], and multiple levels of concurrency are now utilized. Within a single
event, independent modules, i.e., the algorithms that the framework schedules,
are executed in parallel wherever data dependencies allow. Modules can also uti-
lize oneTBB’s parallel features in their internal operations, including event setup
modules that manage conditions data. The framework accommodates physics
modules with varying thread-safety levels, which also influence their efficiency

and memory footprint.

Finally, in preparation for Run 3, the HLT software was modified to exploit
heterogeneous computing architectures, and many reconstruction modules were
developed to make use of these resources to address the challenges posed by
increasing luminosity and pileup. Algorithms capable of running on both CPUs
and GPUs are automatically scheduled to execute on a GPU when one is available;
otherwise, the CPU version is used. GPUs are designed to handle hundreds or
thousands of simpler and independent operations in parallel, where the CPU
threads are responsible for launching the relevant instructions on the GPU. The
threads in the GPUs are usually divided into blocks of threads [127], where the
blocks are set in a grid. Each block and thread is assigned an x, y, z index to
differentiate each element. Threads executing instructions in parallel in a block

can communicate.

These software modifications were based on offloading computations to co-
processors and the introduction of faster reconstruction methods, which were
indispensable for Run 3 data collection and processing [121]. To give a sense of
the amount of speed-up obtained by offloading part of the HLT reconstruction to
GPUs, Figure 3.7 shows the comparison of running the HLT event reconstruction
with CPU only and the CPU+GPU approach. About 50% faster reconstruction is
achieved with CPU+GPU processing.

Even though the usage of CPUs+GPUs to reconstruct events in the HLT de-
creased the time needed for this task, it introduced a couple of problems: harder
maintainability, due to code duplication, and exclusivity to one type of accelerat-
ing device, since the reconstruction code was only implemented for GPUs from
a single manufacturer (NVIDIA). These issues and the implemented solution to
these problems are discussed in Chapter 5.
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Figure 3.7: HLT processing time comparison when using CPU-only and when
offloading part of the HLT processing (ECAL unpacking, HCAL local reconstruc-
tion, and PF clustering, and pixel tracks and vertices reconstruction) to GPUs,
estimated using 70k collected events with an average PU of 63.7. Source [128].



Chapter 4

The Run-3 Framework for
the Disappearing Tracks Search

Disappearing track searches at particle colliders are especially interesting, as
no standard model particles can mimic this signature. Figure 4.1 shows the proper
lifetime versus mass of SM particles, where it is possible to see that particles
with lifetimes on the order of 10~1-10~7 seconds, which can produce measurable
tracks that vanish in the CMS tracker, will either decay into visible products, or
are electrically neutral. Charged particles with proper lifetimes larger than ~ 10~/
s will usually traverse the full tracker, while proper lifetimes smaller than ~ 10~
s imply that the particle will decay before the first layers of the tracker. This
chapter explores chargino properties, reviews AMSB searches in the contexts of
dark matter and SUSY, and focuses on the disappearing track search using CMS
Run 3 data. It also discusses changes in the analysis framework to improve the
generation of signal events and to use a more accessible data format, and outlines

the triggering strategy for the Run 3 search.

Theoretically, any SM particle either lives long enough to traverse the full
tracker or decays promptly enough that only the decay products are seen. An im-
portant feature of an unstable particle is that the number of particles is dependent

on its lifetime, following the exponential decay rate given by:
N(t) = Nge /7 (4.1)

where N(t) is the number of leftover particles after a time f, Ny is the number of
particles at t = 0 and 7 is the proper lifetime. This exponential decay gives rise to
tracks of different sizes for the same proper lifetime. Figure 4.2 shows the distinct
decay lengths and ct distributions for a particle with a proper lifetime of 3.336 ns
(or cT =100 cm). The different decay lengths allow for the data analyses to search

for multiple-sized tracks and explore the sensitivity of the particle detector for

41
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Figure 4.1: Proper lifetime versus mass of the standard model particles. The
particles are "clustered" concerning the force that causes the particles to decay,
given that the particles’ lifetimes and the strength of this force are correlated.
Source: [129] (modified).

many cases.

In the context of a dark matter search, the models of interest assume that the
charged LLP decays into a very soft (momentum on the order of ~ 100 MeV) SM
particle and the DM candidate. Given the very low momentum, the SM particle
will most likely not be reconstructed by the CMS detector, and the DM particle will
not interact with the detector material, giving the signal of a charged particle that
vanishes inside the tracker. This signal is that of a track with a larger number of
missing hits in the outer layers of the tracker (N9u4!¢rhits) and low energy associated
with it deposited in the calorimeters (E,,). In summary, hits represent the position
of the energy deposits of a charged particle in the tracker layers (defined in more
details in Chapter 5), and a missing hit refers to an active tracker layer that should
contain a hit, estimated from the charged particle trajectory, but does not (defined
in more details in Section 4.3). In the AMSB model, the mass difference between
the chargino and the neutralino (described in Section 2.3.2) on the order of the
pion mass fits perfectly with the signature of a produced disappearing track, given
that it contains a charged LLP decaying into particles that will not be detected by
the CMS detector. The production modes of the AMSB chargino rely on the pair
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Figure 4.2: Decay length (left) and c7 (right) for a long-lived particle with a proper
lifetime of 100 cm of c7. In the right figure, the red line comes from an exponential
fit of the data with an exponential decay.

production of electroweakinos given by:

PP = X AT (4.2)
pp — XA (4.3)

Until now, many searches for this type of signature were performed in the
context of trying to find evidence for DM [130-138] or supersymmetry [139-142].
As mentioned in Section 2.3.2, the AMSB model is used to benchmark most of
these searches, and is the focus of this work. However, several models can also
generate a disappearing track signature [143-149].

The latest disappearing tracks search from the CMS collaboration [138] was
performed using 101 fb~! of Run 2 pp collision at /s = 13 TeV data collected
from 2017 and 2018, and found no excess of disappearing tracks when compared
with the background-only hypothesis. Because of these results, it was possible
to set new limits to the mass and lifetime of the chargino, excluding charginos
of mass 884 (474) GeV for a lifetime of 3 (0.2) ns, when combining with the 38.4
b1 of 2015-2016 data from Ref. [137]. In this search, a second benchmark model
was used in the context of SUSY, in which the LSP is the neutral higgsino, hence
a DM candidate, that also exhibits a small mass difference (O (100 MeV)) with
the charged higgsino. This is shown to be a general characteristic of models that
contain massive vector-like electroweak doublets [150]. Therefore, the chargino,
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which will now be explicitly referred to as wino- or higgsino-like depending on
the case, is also able to decay into the same final states shown as the processes
in Equations 2.27 — 2.29, and is produced following the processes in equations
4.2 — 4.3 above, with the addition that the second lightest higgsino state ({J) is
degenerate in mass with the first, allowing for the pp — Xg Xli production mode.
The latest CMS Run 2 search was able to exclude higgsino-like charginos with a
mass of 750 (175) GeV for a lifetime of 3 (0.05) ns (using only 2017-2018 data).

In the Run 3 search, described in this work, some modifications to the analysis
procedure were made. Firstly, a change in the method to generate the AMSB signal
events for the analysis was performed to reduce the largest systematic uncertainty
source of the search. Secondly, the method to measure the calorimeter energy
associated with a track was changed to use a more easily accessible proxy variable,
implying a faster and more straightforward data analysis.

4.1 Signal Events Simulation with MadGraph

As observed in Ref. [138], the largest source of systematic errors was the initial
state radiation (ISR) corrections, where the average value of the uncertainty was
13% across all data periods and chargino masses, lifetimes, and types. Those
corrections are related to the capability of the Monte Carlo (MC) generators to
accurately model the radiation of extra partons, i.e., quarks and gluons, from the
initial interacting partons. The radiated partons hadronize [151], generating a
hadronic jet that recoils against the produced pair of electroweakinos. In the dis-
appearing tracks search, it is fundamental that the ISR is modeled as close to what
would be expected from data as possible, since the signal can only be triggered
if the pair of electroweakinos recoils against a high pt jet. This occurs because
at the Level 1 trigger, there is no reconstruction of tracks from charged particles,
and the GT depends only on the calorimeter and muon systems information to
make the L1T decision. Given that the charginos do not reach the calorimeters and
their decay products are undetected, the pair of produced particles has to recoil
against something visible to be selected at the L1T. This is defined in more details
in Section 4.3.

In the estimation of the uncertainty two sources were considered: one related
to the mismodelling of Z bosons pr (in this context, the production of a Z boson re-
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coiling against a hadronic jet is assumed to be similar to that of a pair of charginos)
when comparing MC with data; and the other related to the mismodelling of
the ISR pt when comparing Pythia (PY8) [152] and MadGraph5 (MG5) [153, 154]
Z — 1l process, since Pythia was used to generate the signal MC samples in Run 2.
The main issue is that parton shower (PS) generators such as PY8 are known to
deviate from better modeling of processes that include extra hard jets in the matrix
element (ME) calculation, especially in regions of hard and separated radiated jets
due to the lack of subleading terms and interference [155]. However, using MGS5,
which performs the ME calculation with extra hard partons more accurately, does
not completely solve this issue, given that it does not correctly describe the region
of soft and collinear radiated partons [155]. The solution comes in the form of the
jet matching algorithms [151, 156] that are schemes to correctly account for hard
and soft QCD radiation by combining the ME and PS generators, while avoiding
the double counting of intersecting events.

Even though many possible jet matching schemes exist [157-160], in this work,
the matching scheme known as MLM was used to better account for the effects
of ISR. In this method, the final jets resulting from parton-shower evolution and
jet clustering are compared to the original partons. An event is accepted if a
reasonable correspondence is found; otherwise, it is discarded. This rejection step
effectively introduces a Sudakov form factor to the hard processes. Importantly,
the parton shower must avoid generating emissions that would duplicate hard

activity already accounted for in the matrix-element calculation.

In practice, two energy scales control the merging algorithm that are the min-
imum pr of a hard parton and the minimum transverse energy at which hard
partons and clusters will be matched, which will be referred to as xg_, and gcut.
These follow the namings used in MG5 and PY8, respectively. Since the search
for disappearing tracks is benchmarked in terms of the mass of the chargino, the
values of the xg_, and gcut parameters were found for each Mgt following the
procedure described in Ref. [155]. The method is based on the smoothness of the
differential jet rate (DJR) distribution of the simulated processes, especially in the
transition region from distinct multiplicities. The processes of interest simulated'

with MadGraph5 2.9.9 were:

n parallel to this work, a study on the possibility of generating hadronic jets using ML
generative algorithms was conducted. Appendix A describes the methods used and the results
obtained.
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* pp— XX

* pp = XX

* pp — Xli X5 (for the higgsino-like case only),

o pp — xiXJj (for the higgsino-like case only),

* PPN

* PP XX
at leading order (LO) with the NNPDEF3.1 NNLO [161] parton distribution func-
tion (PDF) sets, and the simulation of parton showers, jets merging, and hadroniza-
tion was performed with Pythia 8.306. To clusterize the partons produced by the

shower evolution, the Pythia internal Slow]Jet routine with the kt clustering algo-
rithm [162, 163] is used.

Even though MadGraph5 contains the MSSM model included in its framework,
and the dynamics of this model with the AMSB model are practically identical,
MGS5 does not use the correct particles” parameters, which must be estimated
externally. As mentioned in Section 2.3.2, the mass spectrum in the AMSB scenario
is governed by four parameters: 13 /5, 1y, tan(p), and sign (). Among these, only
ms3 o significantly affects the mass of the lightest chargino. By varying m3,, the
full SUSY mass spectrum is computed using IsaJet 7.80 [164]. The chargino mass
is scanned over a range between 100 GeV and 1200 GeV (up to 1000 GeV in the
higgsino-like case), in steps of 100 GeV. The specific SUSY parameters used at
each mass point are detailed in Table 4.1. Depending on the type of chargino,
different decay modes were set for the LLP: in the wino-like case, the chargino
has 100% chance to decay into §{7t, while in the higgsino-like case, the chargino
branching fraction is set to 95.5% for )Ef — Xcl),z ™+, 3% for Xli — X?’zeﬁe, and 1.5%
for Xf — X?’zyﬁﬂ following the calculations in Ref. [150], where 0 and %3 are
degenerate in mass.

For each mass point, the value of xg_, is varied from 30 to 100 GeV in steps of
10 GeV and from 100 to 1000 GeV in steps of 100 GeV to test smaller and higher
scales, while gy is set as the default value of max(xg,_, +10 GeV, 1.5 x xg_,). In
CMSSW, the generation of events with MadGraph5 is performed via gridpacks,
which are compressed files that contain all of the information MG5 needs to simu-
late the processes. In summary, three cards contain the main information needed
for the simulation of the AMSB processes: the param_card, which contains in-
formation about the model that has to be used in the simulation and what are
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Table 4.1: SUSY parameters used to generate simulated signal samples for each
considered chargino mass. The large mass scale of the squarks is denoted by the
mass of the down squark m ;. The other parameters are described in the text. The

parameters for Myt > 900 GeV are the same because, for larger values of m3,,

even in the mAMSB, the sleptons become tachyonic. For the higher chargino

masses, 11 - and Mo are modified to the respective values using the 900 GeV

sample as a template.

mo [GeV] mz; [TeV] tanp sign(p) me=[GeV] Am [GeV] m(d) [GeV]

1500 35.1 5 +1 100.0 0.189 1649
1500 68.9 5 +1 200.0 0.174 2019
1500 103.7 5 +1 300.0 0.172 2494
1500 139.0 5 +1 400.0 0.173 3018
1500 174.4 5 +1 500.0 0.173 3561
1500 210.3 5 +1 600.0 0.173 4121
1500 246.4 5 +1 700.0 0.173 4686
1500 2829 5 +1 800.0 0.174 5261
1500 320.2 5 +1 900.0 0.174 5845
1500 320.2 5 +1 1000.0 0.174 5845
1500 320.2 5 +1 1100.0 0.174 5845
1500 320.2 5 +1 1200.0 0.174 5845
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the processes to be generated; the run_card, where the center of mass energy,
protons PDF sets, generator-level cuts, the value of xg_,, and more, are defined;
and the customization card, where all the parameters calculated by IsaJet are input
into the MadGraphb5 simulation. While testing the jet matching parameters, the
implementation of Pythia, which is included inside the MadGraph5 software,
was used. However, in CMSSW), there is a hadronizer configuration file to set the
parameters that Pythia will use for the hadronization and jet matching. Examples

of these cards and configurations are displayed in Appendix B.

Figure 4.3 shows an example of the differential jet rate distribution for the
chargino mass point of 700 GeV with a xg_, = 50 GeV, where the distribution is
smooth, as expected. Table 4.2 shows the parameters determined for each range of

chargino masses.
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Figure 4.3: Differential jet rate distribution for the simulation of a 700 GeV chargino
with xg . = 50 GeV and gcut = 75 GeV. The blue and red distributions represent
the processes with 0 and 1 extra parton, respectively.

Table 4.2: Values of xg_,, and geut used for each range of chargino masses.

Chargino mass [GeV] xg_, [GeV] gecut [GeV]

100400 40.0 60.0
500-900 50.0 75.0
1000-1200 60.0 90.0

After the estimation of the jet merging parameters, the first sanity check that
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was performed was the comparison of the events simulated by MadGraph5 +
Pythia, with events simulated by Pythia-only (in the same way that was used
in the previous disappearing tracks searches), for a subset of the mass points
mentioned above, and a ¢t of 100 cm. This check was important to make sure
that the MG5-generated events were being affected by the jet-matching scheme.
A relevant difference was already expected at the generator level, especially in
variables that are related to the recoil of the charginos with the extra jets. Examples
of such variables are the pr of the leading jet, the p™isS and the pr of the sum of the
four-momentum of both produced electroweakinos, denoted as pr( Xli X/ )Ef ).
As one example, Figure 4.4 shows the comparison of some variables of interest for
a wino-like chargino of mass 700 GeV and 100 cm of ct, where 1 million events
were generated with MG5 + PY8 or PY8-only. From top to bottom, left to right, the
variables being compared are: the generated chargino pr, 17 and ¢, the generated
pion pt, the generated chargino ¢t and decay length, the pr of the highest pr
jet, the generated piss and pr( )Eli X/ Xli 1Y), where the Pythia-only simulation
sample is plotted in red and the MadGraph5 + Pythia simulation is plotted in
blue. The ratio plots of MG5/pys show that the expected differences appear in the
variables mentioned above, and in the expected region of larger jet pr, i.e., the

harder jets that a PS generator cannot accurately simulate.

The second check was related to the selections applied over the events to search
for the disappearing tracks. A detailed description of the events’ selection is given
in Section 6.2, but, for this verification, it can be summarized into five sets of
requirements, targeting distinct aspects:

* Triggering: the first stage of the selection requires that the events pass a

miss

selection of HLT paths related to the p7"*® of the event;

* Basic selection: requires that the event has a high pTs recoiling against a
high pr jet;

¢ Isolated tracks selection: selects a track with high pt that is continuous, i.e.,
has no missing hits in the middle of the track, and is isolated from other
reconstructed charged tracks;

¢ Candidate tracks selection: the selected tracks have to be separated from any
charged SM lepton;

¢ Disappearing tracks selection: uses the two variables mentioned at the

outer hits
N miss

beginning of this chapter, E 4, and , to very effectively discriminate

SM particles from a BSM disappearing track.
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Figure 4.4: Comparison of some variables of the chargino of the AMSB process
simulated with Pythia, which does not support the addition of extra hard partons
(full red line), and MadGraph5 + Pythia with the addition of one extra hard parton
and performing the jet matching algorithm (dashed blue line). As expected, the
difference between both methods is clear in the jet pr, generated p™i**, and the
pr of the summed four-momenta of the produced electroweakinos shown in the
three bottom plots.
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This check used each of the selections applied to the search for a disappearing
track in what is called the cut flow. It displays the efficiency of each requirement,
i.e., the ratio between the number of events that pass the selection with the num-
ber of events before the selection, when those are applied sequentially. These
selections are applied over fully reconstructed events, where the software Geant4
10.7.2 [165-167] was used to simulate the interaction of particles with the detector
material, and the reconstruction of physics objects was performed by CMSSW
13.0.13. Given the large amount of time needed for simulation and reconstruction,
a single simulated data set of 50,000 events for a wino-like chargino of mass 700
GeV and lifetime of 100 cm/c was produced. The top plot of Figure 4.5 shows the
cut flow for the events generated with Pythia-only (red) and MadGraph5 + Pythia
(blue), where it is possible to notice a difference in the efficiencies after the cuts.
The bottom plot shows the individual efficiency of each of the selection require-
ments, where the differences that arise from the MadGraphb5 + Pythia simulation
are related to the triggering, the pis and the jet pr selections, as expected.

Finally, the last check was on some interesting variables of reconstructed ob-
jects. Figure 4.6 shows the comparison between PY8-only (red, full line) and MG5
+ PY8 (blue, dashed line) reconstructed events, with the same samples used for
the cut flow check above. From left to right, top to bottom, the variables plotted
are: the track pr, 17, ¢, number of missing inner, middle, outer, and valid hits, and
the PF pmiss,

In addition to exploring a variety of chargino masses, this analysis also con-
siders multiple chargino lifetimes as reference benchmarks. While the AMSB
framework states that the lifetime of a chargino is determined by the mass differ-
ence between the chargino and neutralino, treating the lifetime as an adjustable
parameter enables the analysis for a wider spectrum of models. By using a limited
number of lifetime values, intermediate scenarios can be studied through lifetime
reweighting. To modify a sample originally generated with a mean lifetime 7. to
a desired mean lifetime 74, the following reweighting factor is applied:

(%e—n/rdst>

dst

wr = -_—, 4.4

’ H ( 1 —T‘/Tsrc> ( )
! Tsrce 1

where 7; denotes the actual lifetime of the i-th chargino in the event (i = 1,2 for a
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Figure 4.5: Top: comparison of the cut flow of the selections in the full disappearing
tracks events selection. Bottom: comparison of the individual efficiency of each
selection in the full disappearing selection. Pythia-only is shown with the full red
line and MadGraph5 + Pythia with the dashed blue line.
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Figure 4.6: Comparison of some variables of reconstructed objects of the AMSB
process simulated with Pythia, which does not support the addition of extra hard
partons (full red line), and MadGraphb5 + Pythia with the addition of one extra
hard parton and performing the jet matching algorithm (dashed blue line). The
difference between the methods is less clear in this case, due to the large statistical
fluctuations.
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pp— Xli X{ process and i = 1 for a pp— X?,z Xli process). This weight is computed
for each event individually, with the condition that 745t < Tgrc to ensure that events
in the tail of the original lifetime distribution are not weighed up. This reweighting
transforms the distribution with mean T into one resembling a lifetime of Ty,
as shown in Figure 4.7. Table 4.3 summarizes the target lifetime values and their

respective source samples.

E T ] \ ] g 08 \ \ \
o X2/ ndf 9234/98 | 2 X2/ ndf 94.41/98
> Constant ~ —0.3244 + 0.2945 > Constant  -0.3272 £ 0.2948 -
&t Slope -0.01001+0.00341 7 2 Slope  -0.01997 +0.00681 |
[ =
w 0.6~ [¢tCfrom fit: 99.9 + 34.0 cm W6l @t0from fit: 50.1+ 17.1 cm

0.4
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1
0 50 100 150 200 0

ct [cm]

Figure 4.7: Generator-level distributions of actual chargino lifetimes. Both plots
come from a sample with a generated mean lifetime of 100 cm/c. The left panel
shows the original distribution, while the right panel displays the reweighting
done to a target mean lifetime of 50 cm/c. In each case, the red curve represents
an exponential fit to the distribution.

Table 4.3: Summary of target chargino lifetimes achieved through reweighting,
along with the original sample lifetimes.

original lifetime [cm/c]

target lifetimes [cm /]

10 0.2,0.3,04,05,06,0.7,08,09,1,2,3,4,5,6,7,8,9,10

100 20, 30, 40, 50, 60, 70, 80, 90, 100

1,000 200, 300, 400, 500, 600, 700, 800, 900, 1, 000

10,000 2,000, 3,000, 4, 000, 5,000, 6,000, 7,000, 8,000, 9,000, 10,000

Since the production of electroweakino pairs is simulated at leading order with
the addition of at most one hard parton, the cross section of the simulated processes
is reweighted based on more precise estimations. Tables 4.4 for the wino-like case
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and 4.5 for the higgsino-like case display the cross section values calculated at
approximate next-to-next-to leading order (aNNLO) plus next-to-next-to leading
logarithmic (NNLL) precision with Resummino [168, 169], using the MSTW2008
[170] PDF sets. The final cross sections and uncertainties are calculated using the
PDF4LHC recommendations for the two sets of cross sections [171].

Table 4.4: Cross sections for electroweak production of wino-like charginos calcu-
lated at aNNLO+NNLL with Center of—rnass energy of /s = 13.6 TeV. The cross
sections for pp— )(1 X and pp— 0 )(1 are listed separately, along with the total
cross section, which is the sum of these two contributions.

m(x¥) [GeV] o(pp—iixT) [pbl o(pp—Hxy) [pb] total o [pb]

100 12,8404} 2492+04 37767078
200 1. 012+i ks 5 01 61% & s o
288 8 322; 0 0053 8 Ag;gw 0058 8 284218 0087
500 0.0255+ 00018 0.0532--0.00% 0,075 +008%
600 0.0110+000073 0.0033-0.0013 0.0343- 0038
700 0.00519 0040 001111000007 01609 00008
800 0.00260° 00023 0.00562 100008 00820000080
900 0. 00137+8 N 000208000057 00435+ +8 00030
1000 0.000745- 000005 ¢ 00163+8 00074 0.00238-+0.000%0
1100 0. 000418+8 200064 000920 0:00013 0.00134 -090034
1200 0.000241-0000095  /000531-20000084 ) 900771 +000009
—0.000045 —0.000084 —0.000096

4.2 Using MiniAOD Samples for Run 3 Data Analysis

In the Run 2 analysis, the estimation of the energy deposited in the calorimeters
associated with a given track was calculated using the energy of the reconstructed
hits (RecHits) in the calorimeters. The energy of all ECAL and HCAL RecHits
in a cone of AR = 0.5 around a given track was summed, and, from the final
value, a contribution related to PU was subtracted. This method of calculating
E..1o ensures that any amount of energy measured by the calorimeters around the
track will be considered in this variable. The downside of this method is that the
full calorimeter RecHits information is only available in the format of raw detector
measurements (which is impractical for data analysis), or in a data format named
Analysis Data Object (AOD). Two main issues arise when using files of type AOD
for data analysis: these files are not readily available for usage, given that they are
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Table 4.5: Cross sections for electroweak production of higgsino-like charginos
calculated at aNNLO+NNLL with center-of-mass energy of /s = 13.6 TeV. The
%5 is completely mass degenerate with the f0 with the same production cross
sections, so the total includes an additional contribution equal to that listed for

o(pp — XY

m(%) [GeV] o(pp—x %7 ) [pbl o(pp—x7%7) [pbl total o [pb]

+0.110 +0.161 4025
00 oomstllne  osollis  1oositle
300 0.061218:882§ 0'10924_-8:8(1)43% 0.2796;8:8%%8
400 0.0192--0.0009 0.0345.0.0013 00887 00053
500 0.007352'8%%9041 0'01 33{49'8%105066 0.0339;28%203102
600 0.00319--0.00021 0.00583-+0.00054 001485 000053
800 0.000760-0000069  0,001407 000110 0003574000170
900 0.000401 18888822 0.00074518:888(1)% 0.001891 18888%%
1000 0.000219;8:8888%8 0.00040918:888822 0.001037_18:888(1)%
: —0.000029 : —0.000044 : —0.000069

stored in physical tapes, and a request to replicate the data to some disk is needed;
the average size of each event inside an AOD file is on the order of 0.4 megabytes,
which implies in a high time for processing and analyzing each AOD sample [172].
In cases where this has to be done for billions of events, it becomes unfeasible.

In this search, another variable is being tested to check if it is suitable to cor-
rectly select disappearing track events. It is based on the ECAL and HCAL energy
from the nearest calorimeter jet (CaloJet) to a given track. A calorimeter jet is an
object reconstructed with information only from the calorimeter RecHits. Even
though it does not consider every RecHit around a track, it serves as a proxy to the
Ecalo estimation mentioned above, and it is available in the MiniAOD data format,
which is a reduced version of the AOD. This data format is promptly available for
analysts to use, and, given the reduced size and amount of information, where the
event size is around 50 kilobytes [172], it is faster to process each event O (10-100

ms).

The distributions of both variables are shown in Figure 4.8. It is possible to
see a clear difference between the RecHit E_,, (blue, full line) and the CaloJet
E.alo (red, dashed line). To check the impact of this modification on the selection

of disappearing track events, signal samples of wino-like charginos for the mass
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points of 100, 400, 700, and 1200 GeV and lifetimes of 10, 100, 1000, and 10000 cm/c
were used. Table 4.6 shows the number of events that pass the full disappearing
tracks selection using each E,j,, and the percentage of extra events in the case
with RecHit E ;1. Although there is a large difference in the way E_, is calculated,
the discrepancy between the selection using each method is small.

10.2 b (13.6 TeV)
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Figure 4.8: Comparison of RecHit (blue) and CaloJet E ,j, (red) distributions calcu-
lated from 10.2 fb~! 2022 data, where the events contain electrons and photons.

4.2.1 Datasets used for the Analysis

In this search, all of the datasets processed, either from collected data, SM MC,
or signal MC, are in the MiniAOD data format. This is only possible by using
the CaloJet E,), variable. The used samples comprise 62.5 fb~! of collected data
in 2022 and 2023 at /s =13.6 TeV. Several datasets are used: JetMET datasets,
used for the signal region of the search; EGamma and Muon datasets?, used for
background and systematic uncertainties estimation; signal MC samples generated
with the masses and lifetimes displayed in Section 4.1; and SM MC samples of
Z — 1, single top, tt, WW, WZ, ZZ, W — lv, Z — v7 and QCD processes.
Z — I, W — lv, and Z — v samples are produced at LO with MadGraph5 and

The datasets are defined using the trigger paths used to collect a given event. Events collected
using p"*® and/or jet triggers are saved in the JetMET dataset; events collected with single or
double lepton triggers (or triple, in some cases) are saved in the respective lepton dataset.
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Table 4.6: Number of events after the disappearing tracks selection when using
RecHit E,), and CaloJet E ., and the relative difference in percentage of the
number of events obtained with each method.

# ev. Rec hit E .1,

o . .
Fev. CaloJet E oy, Yo of extra events in RecHit Ecalo

100 GeV 400 GeV 700 GeV 1200 GeV

10em | 131 /-082% %35 /21% £8/24% 30 /27%

234 252 263
100cm | 132 /0.74% 51 /1.6% 155/ 1.6% 183 /0.49%

1000cm | 28/4.0% 3 /34% 35/079% ¢ /11%
10000 cm | 3% /0.0% 123 /13% 35/077% 233/ 0.29%

Pythia with the addition of up to 4 extra hard partons, where the jet matching
is performed with the MLM algorithm. WW, WZ, ZZ, and QCD processes are
generated at LO with Pythia. The single top processes pp — tg and pp — tW, and
the tt samples are produced at LO with Powheg [173-177] and Pythia. Finally, the
single top pp — tb samples are generated at NLO with MadGraph and Pythia.
The collected data for 2022 are divided into 5 eras: C, D, E, F, and G, where an era
is related to the conditions of the detector and the reconstruction algorithm in a
given period. The 2023 collected data is divided into 2 eras: C and D. Due to a
couple of issues during data taking, described in more detail in Section 6.2, the
data-taking periods will also be split as 2022 (combining 2022C and D), 2022EE
(combining 2022E, F, and G), 2023 (for 2022C) and 2023BPix (for 2022D).

4.3 Issues with Triggering

The signature of a disappearing track is relatively hard to trigger at the L1T,
given that tracks are not reconstructed at this stage. To work around this difficulty,
piss based algorithms are used. At the HLT, which performs an event reconstruc-
tion closer to what is performed offline?, even though it has a timing limitation,
it can reconstruct every physical object in an event. More specifically, the HLT
employs the so-called particle flow (PF) algorithms [178] in the reconstruction of
events, which use a combination of the information from multiple subdetectors to

3In this context, offline means that the events are reconstructed almost without limitations of
time and resources.
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reconstruct and calibrate the properties of physical objects.

The elements for the PF reconstruction are: tracks, which can be from the
tracker or the muon system, and calorimeter clusters. The so-called link algorithm
is then used to link the information from the subsystems to create PF blocks, which
are single particles or collections of particles. The distinct PF elements are linked
based on their proximity in the (7, ¢) plane. Each PF block then goes through
the reconstruction of the given final state object: muons and electrons (including
bremsstrahlung photons) are identified first, followed by isolated photons, and
then hadrons (charged and neutral). Misreconstructed tracks are filtered out to
improve accuracy. Every identified physics object gets removed from the PF blocks
to ease the remaining steps of the algorithm. After all particles are reconstructed,
a post-processing step finalizes the event reconstruction. Muons are reconstructed
using information from the tracker, the calorimeters (since their energy deposit in
the ECAL/HCAL should be small), and the muon chambers. Electrons are iden-
tified using information from the tracker and the calorimeters. Isolated photons
are reconstructed together with electrons, using ECAL information, provided that
the ECAL clusters are not linked to any track. The remaining tracks and calorime-
ter clusters are used to identify charged hadrons, neutral hadrons, nonisolated
photons (e.g., from ¥ decays), and additional muons from the decay of charged
hadrons. From the PF objects, it is possible to define two types of piss: the calo

miss
Pt
miss

the energy deposits in the calorimeters; and the PF p7"*, which is calculated from

, which is the amount of missing transverse momentum calculated from all
all the PF objects mentioned above.

The AMSB model can generate psS in one of three ways:

e A )Ef can be produced with a {9, where the )Eli reaches the muon chambers
(displayed in Figure 4.9, top);

* Two Xli can be produced and only one reaches the muon chambers (shown
in Figure 4.9, bottom);

* The electroweakino pair can be accompanied by ISR (displayed in Fig-
ure 4.10).

In the first two cases, the )Ef that reaches the muon chambers is reconstructed as a
muon, and therefore contributes visible momentum to the pi® estimated by the
PF reconstruction, but not to calorimeter-based p?iss. On the other hand, the X?
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contributes no visible momentum since it interacts only weakly. The )Eli that fails
to reach the muon chambers also contributes no visible momentum because, being
a track with no calorimeter energy nor muon chamber hits, it is considered a fake
track by particle flow and ignored. Finally, in the third case, if the ISR has sufficient

pt, then it can contribute substantially to both PF p%ﬁss and to calorimeter-based

miss
pr -

Again, as there is no tracking available at L1, the only type of pTS that can be
used at L1 is calorimeter-based pfsS. As such, a signal event with psS generated
by a high-pr ISR jet is precisely the category targeted in this search, hence the

importance of a more accurate simulation of events with extra hard partons.

4.3.1 Triggers used in the search

This search uses data collected with the logical OR of several pTisS triggers.
Various single-lepton triggers are also used for the estimation of backgrounds and
studies of systematic uncertainties. The complete list of triggers used is shown in
Table 4.7. Due to the lack of a dedicated single tau trigger in the tau sample, the
last path of the table was used to study a tau control region.

Some issues affecting these paths arose throughout the 2022 and 2023 data-
taking periods. In the middle of era C of 2022, an issue with the jet scale calibrations
at the Level-1 trigger caused a decrease in efficiency of several inclusive pTS paths.
This is treated as an extra systematic uncertainty added to the search, included
in Section 6.5. Finally, in era D of 2023, an issue with the pixel barrel caused a
decrease in the efficiency of track reconstruction. However, due to the addition of
a recovery module on the HLT tracks reconstruction, the effect on the efficiency of

the used paths is found to be negligible.

The HLT_MET105_IsoTrk50_v* path was developed specifically for the dis-
appearing tracks search, was deployed and monitored throughout the Run 2
data-taking, and is still used for the Run 3 data analysis. The pTi threshold
was kept the same concerning the Run 2 algorithm. For Run 3, there was also
the deployment and monitoring of path HLT_PFMET105_IsoTrk50_v«, which
makes use of a lower threshold PF p™*s filter to increase the rates of relevant
events to the analysis. The paths consist of three/four steps depending on the
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3 CMS Experiment at LHC, CERN
(,MS ¢ |Data recorded: Wed Dec 31 19:00:00 1969 EST
[ X |Run/Event: 1/19
\| Lumi section: 1

CMS Experiment at LHC, CERN

" | Data recorded: Wed Dec 31 19:00:00 1969 EST
X |Run/Event: 1/ 11

| Lumi section: 1

Figure 4.9: Event displays of simulated signal events, one of pp — %} XI‘L (top) and
one of pp — Xli X{ (bottom). The PF g vector is shown as a red arrow and the

calorimeter-based p7'*® vector is shown as a gold arrow.



Chapter 4. The Run-3 Framework for the Disappearing Tracks Search 62

Table 4.7: Triggers used in the search. The MET data set is used as
the search data set and for the evaluation of fake track background
systematic uncertainties, and the single-lepton data sets are used for
background estimation and systematic uncertainty evaluation. Path
HLT TsoMu20_etaZpl_LooseDeepTauPFTauHPS27_etalpl_CrossLl_vx*
is used to select events enriched in low pt tau leptons.

Primary Data Set Trigger Path

HLT_MET105_IsoTrk50_v=*

HLT_MET120_IsoTrk50_v=*

HLT_PFMET105_IsoTrk50_vx
HLT_PFMET120_PFMHT120_IDTight_vx

HLT _PFMET130_PFMHT130_IDTight_wv*

HLT PFMET140_PFMHT140_IDTight_vx*

HLT PFMETNoMul20_PFMHTNoMul20_IDTight_vx*

HLT PFMETNoMul30_PFMHTNoMul30_IDTight_vx*

HLT PFMETNoMul40_PFMHTNoMul40_IDTight_vx*

HLT PFMETNoMul20_PFMHTNoMul20_IDTight_ PFHT60_vx*
HLT_PFMETNoMullO_PFMHTNoMullO_IDTight_FilterHF_vx*
HLT_PFMETNoMul20_PFMHTNoMul20_IDTight_FilterHF_vx*
HLT_PFMETNoMul30_PFMHTNoMul30_IDTight_FilterHF_vx*
HLT_PFMETNoMul40_PFMHTNoMul40_IDTight_FilterHF_vx
HLT_PFMET120_PFMHT120_IDTight_ PFHT60_vx

MET

EGamma HLT_Ele32_WPTight_Gsf_wvx

HLT_ IsoMu24_vx*
HLT IsoMu20_eta2pl_LooseDeepTauPFTauHPS27_eta2pl_CrossLl_vx

Muon
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P CMS Experiment at LHC, CERN
CMS\ Data recorded: Wed Dec 31 19:00:00 1969 EST
[~ x |Run/Event: 1/39 7\

S Lumi section: 20
<\

Figure 4.10: Event display of a simulated pp — Xli X{ event with an ISR gluon jet.

The PF pisS vector is shown as a red arrow and the calorimeter-based pss vector

is shown as a gold arrow.

miss.
T -

type of p

miss

1. logical OR of several L1 PT algorithms

2. calo piss filter, h1tMET105 (or h1tMET75 in the PFMET path)
3. track filter, h1t Trk50Filter
4. PF pMiss filter, h1tPFMET105 (only in the PEMET path)

At HLT the pTUss filter requires calo piss > 105 GeV, and the PF pIis® filter
requires PF piss > 105 GeV. The track filter is processed only for events passing

the pTiss filter and requires at least one HLT track to pass the following criteria:

* pr > 50 GeV;
track-based isolation < 0.05 pr;
> 5 hits in the tracker;

* no missing inner hits;

* no missing middle hits
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Figure 4.11: Cartoon of a track with measured hits (black points), missing inner hits
(red open circles), missing middle hits (red open squares), and missing outer hits
(red open triangles). This track would not pass the HLT_MET105_IsoTrk50_vx
path selection, since it has two missing inner hits and one missing middle hit.

where missing inner hits are defined as how many hits should be there from the
trajectory crossing with active layers, but are not there, counting them inwards
from the first layer that has a hit, and missing middle hits are how many hits
should be there in between the innermost and outermost hits associated to the
track. Figure 4.11 shows a scheme of a track missing inner, middle, and outer
(where missing outer hits refer to the variable mentioned at the beginning of Chap-
ter 4). In other words, the hits on the HLT track are required to be consecutive,
beginning in the innermost layer of the tracker through which the track traverses.
The track-based isolation is calculated simply as the scalar sum of the p of all
tracks reconstructed in the HLT down to pt = 50 MeV within AR < 0.3 of the

track in question *.

The calculation of efficiencies for the above triggers relies on the ratio of two
quantities: the number of events after and before the path selection. In this case,

the expression used is:

Number of events passing base selection AND trigger path

Trigger efficiency =
rigger ethiciency Number of events passing base selection

4

(4.5)

*No accounting for PU was present in the HLT track isolation calculation during 2022 and 2023.
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where the base selection requires that the events have at least one high p isolated
muon. These efficiencies are plotted as a function of p7 """, which is piss
calculated offline with the pt of all reconstructed muons counted as invisible, as

in Figure 4.12.

34.7 fb1(13.6 TeV) 27.8 b1 (13.6 TeV)
> 14 > 1.4
s I et
8 OR of Signal Paths S + OR of Signal Paths
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Figure 4.12: Efficiency of the combination of pis® triggers used in the search for
simulated W — [v and experimental data for 2022 (left) and 2023 (right) data

and simulations. The efficiency is plotted only with respect to prTniSS’ "oF with the

dependence on the track pt integrated over, as described in Section 6.4.1.

Besides searching for disappearing tracks in CMS-collected data, this work
also aimed at improving the data collection capability of the pi* + IsoTrk paths.
Those paths have two main issues: the efficiency of the paths is limited by the
efficiency of the tracking reconstruction at the HLT [179, 180]; and the rate at
which those paths trigger on events is small, on the order of 5 Hz. The top plot of
Figure 4.13 displays the efficiency of the HLT_MET105_IsoTrk50 as a function

of P{Fniss, no u

plots show that this plateau is caused solely by the track leg of the path, given
that the efficiency of the py " * filter (left) reaches 100%, while the IsoTrk leg

efficiency (right) has a maximum of 70% efficiency when plotted as a function of

, where it can be seen that it reaches a plateau around 70%. The bottom

the selected muon pr. The IsoTrk leg efficiency is estimated as:
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Events passing base selection AND h1tMET105 AND trigger path

Trigger efficiency = - ;
88 Y Events passing base selection AND h1tMET105
(4.6)
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To improve the rate of the pi® + IsoTrk paths, two distinct ways are possible:
increasing the efficiency of the path, and improving the overall rate of HLT, given
that the small rate available for this path is also related to the limited resources
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available to the collaboration. Working on the efficiency of the path would conflict
with the limited available rate set by the collaboration. The increase in the HLT rate
is motivated by the upgrade to the HL-LHC, where the collaboration has to be able
to collect around five times more events than what is currently performed. This
naturally increases the rate of piss + IsoTrk paths. However, the large increase
in the amount of events to be triggered on leads to the need for changes in the

reconstruction algorithms.



Chapter 5

Improvement of the Pixel Tracks
Reconstruction Algorithm

During Run 3, the instantaneous luminosity achieved by the LHC was around
2 x 10%* ecm~2 57!, which implies approximately 60 concurrent pp collisions
happening every bunch crossing. These collisions produce a few thousand par-
ticles that will traverse the CMS detector. Closer to the IP, the environment is
densely populated by charged particles that must be reconstructed. In the next
long shutdown (LS3)! the LHC will undergo a significant upgrade to increase its
luminosity, known as the High-Luminosity LHC (HL-LHC) [97] project. This will
increase the instantaneous luminosity of the accelerator by a factor of ~ 2.5-3.5
and, consequently, the average number of simultaneous interactions to ~ 140-200,
implying in an even larger number of charged particles to be reconstructed. To
exploit the higher luminosity, the CMS experiment will undergo various upgrades,
collectively called the Phase-2 Upgrade, mentioned in Chapter 3, and the full
detector readout rate will be increased from the current 100 kHz to 750 kHz [113].
Given the increase in event complexity, the HLT physics reconstruction will be
significantly affected, and the HLT farm would be expected to require a processing

power increase by two orders of magnitude, if no actions were taken [114].

Some of the objects that will be affected the most are the pixel tracks and
vertices, i.e., the trajectory of the charged particles and their point of origin, re-
constructed using only the information from the pixel tracker: the environment
where these objects are located is very dense particle-wise, the detector granularity
is very high, and the high PU will imply a harder combinatorial problem to be
solved to attribute trajectories to individual particles. Also, the Phase-2 upgrade
of the CMS pixel tracker [107] will increase the number of layers and channels,

and consequently, its granularity, which will contribute to an increase in timing in

1183 is scheduled from 2026 to 2029 according to the LHC long-term schedule.
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the reconstruction of pixel tracks and vertices.

Once again, the usage of heterogeneous computing systems [181] is one of the
strategies to mitigate this issue, following the successful Run 3 experience. Usage
of distinct co-processors (such as GPUs), also referred to as accelerator devices,
increases system performance and energy efficiency since tasks can be performed

in a parallelizable way depending on the architecture of the co-processing unit.

This chapter describes the offline tracking algorithm used for the charged
particles’ reconstruction following the extensive description in Ref. [182], followed
by a description of the HLT online tracks and pixel tracks reconstruction from Refs.
[127, 183], and, finally, presents the modifications in the online heterogeneous
pixel tracking algorithm to solve the issues mentioned in the end of Chapter 3,
namely the lack of maintainability and the exclusivity to one type of accelerating
device. These improvements are instrumental for the increased data acquisition
rate during Run 3 and will continue to play a role during the HL-LHC era [114].

5.1 Offline Tracking Algorithm in CMS

The tracking algorithm’s objective [127, 182] is to efficiently distinguish and
reconstruct charged particles while keeping a low rate of "fake" tracks, i.e., tracks
that were not correctly reconstructed either because the hits come from distinct
particles or the track of a charged particle contains spurious hits.

Also, an important object to most, if not all, data analyses in CMS are vertices
composed of the tracks of charged particles. Usually, they are used to define the
most interesting pp collision, based on the scalar sum of the momentum of its
constituents. However, needing to reconstruct on the order of 50 vertices per event
is a challenging task. The reconstruction of tracks and vertices can be reduced to a
combinatorial problem, where the tracks are sets of hits left by charged particles
in the tracker sensors, and the vertices are sets of reconstructed tracks.

In general, the tracks and vertices reconstruction is composed of the following
steps:

* Creation of digis (digitized data from detector electronics response) by un-

packing raw detector information, where each digi represents one sensor of
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the detector;

¢ Building of clusters of energy from nearby sensors, i.e., collections of digis;

* Association of clusters shape and digis charge to form particle hits by esti-
mating their position and uncertainties;

¢ Building of n-tuplets, from collections of hits in distinct layers of the pixel
tracker, and pixel tracks by fitting n-tuplets;

¢ Track building using pixel tracks as seeds;

¢ Track fitting to extract parameters;

¢ Vertex building from collections of tracks.

The tracking algorithm starts from the building of digis, clusters, and hits in what
is called local reconstruction.

5.1.1 Local Reconstruction

The local reconstruction step involves clustering zero-suppressed signals that
exceed customizable thresholds in pixel and strip channels to form hits, followed

by calculating the clusters’ positions and uncertainties.

Each pixel in the pixel detector’s data acquisition system has an adjustable
threshold for the sensors’” readout [184], which is set to a level equivalent to a
charge of 3200 electrons. During offline reconstruction, pixel clusters are con-
structed by combining adjacent digis [183], which are the unpacked and inter-
preted digitized information coming from the readout electronics. Each pixel that
has a charge above the signal-over-noise threshold, mentioned above, is repre-
sented by a single digi that contains information about the position of the sensor
in the column and row of a detector module and the collected charge.

Given their modular structure (that comes from the layout of the pixel detec-
tor), the process of creating digis can benefit from parallelization on two levels:
different modules’ information is processed in parallel by independent blocks of
threads, while each digi is assigned a unique index and is processed by a distinct
thread. Neighboring digis, including both first and second neighbors, are grouped
to form clusters iteratively. A 2-D grid with the digis laid out by row, column, and
unique index is created. Every digi is assigned to a different thread, and, in the
case of neighboring digis, the one with the lower index is selected as the seed for
the rest. At the end of the procedure, all digis will be assigned to a seed, which
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will then receive a cluster index. The calculation of the clusters” information also
benefits from parallelization, since each seed is assigned to a thread to perform

this estimation.

Each cluster must have a minimum charge equivalent to 4000 electrons, where,
as a reference, a minimum ionizing particle typically deposits about 21000 elec-
trons. Corrections for residual charge miscalibration, variations in the charge
injection capacitors used to calibrate pixel gain, are derived from laboratory mea-
surements and integrated into the MC simulation. To calculate the position of
pixel clusters, two algorithms are employed: a fast algorithm that is used in track
seeding and pattern recognition; and a slower, but more precise, algorithm based

on templates that is applied during the final track fitting.

In the fast algorithm, each sensor is assigned a coordinate system where the
axes are parallel to the short and long sides of the pixels. The charge deposition
happens in this 2-D space and the position of the hit of a charged particle is deter-
mined using the geometric position of the center of the cluster, the angle of the
track concerning the plane of the sensor, the relative charge deposition of the two
outermost pixels that are constituents of the cluster, and the geometrical width
between the cluster second and second-to-last pixels [185], in both directions. In
the x-axis, which is perpendicular to the CMS detector magnetic field, the Lorentz
drift of the charges is also taken into account. The reasoning behind this choice is
that it is expected that only part of the two pixels at the end to be covered by the

traversing particle.

The slower but more precise algorithm is based on templates of charge de-
position from charged particles, given that the significant radiation exposure
experienced by the pixel detector throughout its operational lifetime substantially
impacts charge collection by the pixels. This, in turn, degrades the performance of
the standard hit reconstruction algorithm outlined above, as it relies only on the
end pixels of clusters to calculate hit positions. In highly irradiated sensors, the
reconstructed hit positions can exhibit biases of up to 50 ym, and the hit position
resolution may worsen considerably. The template-based reconstruction algorithm
addresses this issue by comparing the observed cluster charge distribution to ex-
pected simulated distributions, known as templates, to estimate hit positions [186].
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To generate the templates, a large dataset of simulated particles traversing pixel
modules is used. Those simulations are modeled with the PIXELAV simulation
[187-189], which provides a very detailed replication of the working of the pixel
sensors, taking into account the majority of the practical effects that are seen in
reality. Because the PIXELAV program accurately describes the behavior of irradi-
ated sensors, sets of new templates can be generated over the detector’s lifespan
to preserve the hit reconstruction performance. To apply the template-based algo-
rithm to tracks crossing the pixels at varying angles, separate sets of templates are
created for different ranges of angles between the particle trajectory and the sensor.
In the local coordinates of each sensor, the clusters are simulated in bins along both
directions and are projected onto those directions in arrays of more pixels. The
averaged measurement of the collected charge across all particles, and their root
mean square (RMS), in these simulations is used to determine the distribution of a
reconstructed track traversing the material, through minimizing the x? function
between the reconstructed cluster and the templates for each bin in a given sensor.
The output of this procedure is one of the bins in the local coordinates where the
particle is most likely to have hit. The uncertainty of the measurement also comes
from the templates. Also, this XZ function is used to exclude outliers during track
fitting, specifically, pixel hits on a track that are inconsistent with what is expected
based on the angle of the reconstructed track.

The reconstruction of hits in the strip detector is, algorithmically, similar to the
fast pixel hit reconstruction. Also, during Run 3, the local part of the procedure,
that is, making the clusters, benefits from parallelization, given the modular ge-
ometry of this subdetector in a similar way to what was described above.

Zero-suppressed signals in the strip readout correspond to charge depositions
five times larger than a given channel noise, or in the case where a strip and one
of its neighbors’ charges exceed in two times the channel noise. Clusters are then
seeded by zero-suppressed channels with a charge that exceeds three times the
channel noise, and neighboring strips are added to a seed if their charge is twice
the noise. If the total charge of a cluster is five times larger than the cluster noise,
defined as oqygter = \/;(Tiz, where 0; is the noise in each strip of a seed, the cluster
is kept. The charge-weighted average of the strips’ position in a cluster is used
to determine the hit position, where a correction due to Lorentz drift is applied.

Typically, a function of the expected cluster width is used to parametrize the hit
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uncertainty.

To estimate the performance of the hit reconstruction, the hit efficiency is used.
This property is calculated as the probability of finding any cluster near an ex-
pected hit from a charged particle. In Figures 5.1 and 5.2, it is evaluated using
2022 data. The defective pixel channels are removed from the estimation. Figure
5.1 shows the BPix hit efficiency for all 4 layers as a function of the delivered
integrated luminosity. It is possible to notice that the efficiency degrades with
time, given the high amount of radiation experienced by this subdetector, which is
evidenced by the large decrease in efficiency in the first layer. Periods of increase
in the high voltage of the sensor or new calibrations restore the high efficiency
in the pixel detector. In Figure 5.2, it is possible to see the behavior of the hit
efficiency as a function of the instantaneous luminosity for all layers of the pixel
subdetector, where higher luminosity worsens the efficiency.
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Figure 5.1: Hit efficiency in the four layers of the BPIX subdetector as a function
of the delivered integrated luminosity estimated using 2022 data. The vertical
lines indicate changes in the first layer high voltage parameter (black, dashed
line), periods of technical stop (red, dashed line), and calibration on the gain of
the sensors (black, dash-dots line). Source [190].

A very similar approach is used in the strip detector, where the hit efficiency is
measured as the fraction of charged particle tracks that left a hit anywhere in the
module’s active region. This measurement is also performed after removing the
defective components of the strip detector. Figure 5.3 shows the hit efficiency as a
function of the instantaneous luminosity for the TIB (left) and TOB (right) layers.
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Figure 5.2: Hit efficiency in all layers of the pixel subdetector as a function of the
delivered integrated luminosity estimated using 2022 data. Source [190].

Again, following the same trend observed in the pixel detector, the hit efficiency

decreases as the instantaneous luminosity increases.

Another important metric of the quality of the hit reconstruction is the hit
resolution, which is estimated from the hit residuals. The hit residual is calculated
as the difference between the hit position that is measured and the hit’s expected
position that comes from the fitted track prediction. The resolution is then esti-
mated from the RMS width of the distribution of the hit residual. To minimize
biases, a refit of the trajectory is performed while not taking into account the hit

under investigation.

In the pixel detector, both hit reconstruction methods mentioned above are
used to extract the hit residuals and, consequently, the hit resolution for both. As
can be seen in Figure 5.4, the resolution that comes from the template method
is smaller, i.e., it is more resolved than the fast algorithm (named as generic re-
construction in the figure). The image shows the evolution of the resolution as a
function of the delivered integrated luminosity, which gets progressively worse as

the detector gets irradiated.
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In the strip detector, multiple scattering typically results in track position un-
certainties that far exceed the inherent resolution of the sensors. Consequently,
individual hit residuals are not directly indicative of resolution. Despite that, a
more precise measurement is the difference in a track’s residuals for two closely
spaced modules [192], as scattering-induced offsets are common to both mod-
ules. In that way, the difference in the measured hit positions is compared with
the difference in the track’s trajectory-predicted positions to obtain the residual
distribution. The RMS width divided by v/2 (to extract the resolution of a single
module) is used to estimate the resolution. Figure 5.5 shows the hit resolution of
the strip detector as a function of the strips’ pitch and cluster size (width), which

greatly affects the resolution.

5.1.2 Track Reconstruction

Tracking or track reconstruction is the process of using hits, obtained from
the local reconstruction, to estimate the momentum and position parameters of
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tracks, i.e., the charged particles’ trajectories where the hits were deposited. A key
aspect of this process involves translating from the hits’ local coordinate system
to the tracks’ global coordinate system. This translation accounts for distinctions
between the assumed and actual locations, as well as any surface deformations,
of detector elements, which are determined through the alignment process [194].
Additionally, the local hit position intrinsic uncertainty will be incremented by the

detector element location uncertainty.

Reconstructing charged particles’ trajectories can be a very challenging task.
In the environment of the Run 3 LHC collisions, on the order of hundreds to
thousands of charged particles will need to be identified, reconstructed, and have
their properties efficiently estimated in each event. In CMS, the software known
as the combinatorial track finder (CTF) is used for tracking. It is an adaptation
of the combinatorial Kalman filter [127, 195-197] (CKF), which is an extension
of the regular Kalman filter algorithm [198] that allows for pattern recognition
and track fitting in the same framework. The framework iteratively applies the
CTF sequence in what is called iterative tracking. This procedure allows for the
reconstruction algorithm to search and reconstruct tracks that are easier to identify
at first, such as prompt (namely when charged particles are produced near the IP),
higher pr tracks, remove the hits from these tracks from the pool of hits available
for track reconstruction and execute another iteration. Removing hits from previ-
ous iterations greatly reduces the complexity of the combinatorial problem, which
implies the simplification of the next iteration. Consequently, the next iterations
can search for more challenging trajectories, such as the ones that come from lower

pr and/or non-prompt charged particles.

In CMS during Run 3, thirteen iterations are used to reconstruct tracks, which
are the following:

¢ Initial: target prompt, higher pr tracks;

* LowPtQuad: used for prompt, lower pt tracks;

¢ HighPtTriplet: reconstructs prompt, higher pr tracks;
* LowPtTriplet: target prompt, lower pr tracks;

* DetachedQuad: used for non-prompt tracks;

® DetachedTriplet: reconstructs non-prompt tracks;

¢ PixelPair: target prompt tracks;

¢ MixedTriplet: used for non-prompt tracks;
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PixelLess: reconstructs non-prompt tracks;

TobTec: target non-prompt tracks;

JetCoreRegional: used for high-p tracks in the dense environment of hadronic

jets;

MuonSeededStepInOut: muon tracks starting from the tracker;

MuonSeededStepOutIn: muon tracks starting from the muon detector;

where each subsequent iteration is used to reconstruct different types of tracks not
targeted by the previous iterations, such as lower pr, more displaced tracks, using
distinct seeding, etc. After every iteration, hits that come from the most well-fitted
reconstructed tracks (which are found based on a selection, described below) are
removed from the hits collection to ease the next iteration reconstruction.

Each iteration follows a four-step procedure:

* Seed generation: this step identifies initial track candidates using only 2
to 4 hits, providing the initial estimate of the track parameters with their
uncertainties.

¢ Track finding: a Kalman filter is employed to extrapolate the seed trajectories
to the charged particle’s expected flight path. It searches for more hits that
will be assigned to the track candidate.

¢ Track fitting: refines the trajectory parameters using both a Kalman filter and
smoother.

¢ Track selection: quality flags are applied based on some of the track’s param-

eters.

The main features that differentiate the iterations are how the seeds are generated

and what the thresholds are for the track selection.

The initial track parameters and the uncertainties of potential charged parti-
cle trajectories are defined by seeds. The charged particles follow a helical path
in CMS, given that they are traveling perpendicular to the magnetic field. Five
parameters are needed to describe this trajectory: the particle’s charge divided
by its transverse momentum g/ pr; the angle of the trajectory in the plane trans-
verse to the beam spot? ¢; the angle of the trajectory with respect to the beam
spot 8 (or A = 7m/2 — 0), usually represented in terms of the pseudorapidity

2The beam spot is defined as the region in the center of the CMS detector where the proton
beams will collide.
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Figure 5.6: Occupancy of the channels in each module of the CMS tracker. The
occupancy is shown for the layout of the pixel detector before the Phase-1 upgrade.
Source: [182].

7 = —In(tan(6/2)); the transverse impact parameter with respect to the beam
spot (or some primary vertex) do; and the longitudinal impact parameter concern-
ing the beam spot (or some primary vertex) d,. To estimate these five parameters,
at least three 3-D hits are needed, or at least two 3-D hits plus a restriction on
the track’s origin, such as the assumption that it came from the beam spot (even
though the tracker is made of, essentially, 2-D sensors, their distances to the beam
spot are known, providing the third coordinate). Adding further constraints to the
seeds limits the amount of hit combinations, decreasing the time to execute the
next steps of the reconstruction. Requiring a minimum pt or that the tracks come

from the IP are examples of such restrictions.

A seed is usually generated from inward to outward in the tracks detector. This
sounds counterintuitive since it could be expected that the outermost layers of the
CMS tracker are less densely occupied by hits, given that the density of tracks in
the pixel detector is factually higher. But in fact the opposite is true. Figure 5.6
shows the occupancy (fraction of channels with hits) of the whole CMS tracker. It
is possible to notice that the occupancy is the lowest in the pixel tracker, because of
its very high granularity, i.e., the number of channels that can perform a measure.
Starting a seed from the inner layers of the tracker implies a better quality for the
overall track.

The algorithm that generates seeds needs as input two main sets of parameters:
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the so-called seeding layers and tracking regions. The former contains the pairs,
triplets, or quadruplets of detector layers that have to be used to search for the
hits, while the latter contains the requirements on track parameters to accept
a candidate trajectory, such as the minimum pr, the maximum transverse and
maximum longitudinal distance of closest approach to the assumed production
point, which is at the beam spot or a primary vertex. When a seeding layer is
only composed of pairs of layers, hits from the two layers are used to reconstruct
doublets that are only accepted as a seed if their track parameters pass the re-
quirements set in the tracking region. For triplets or quadruplets of layers, the
first step is still the reconstruction of hit doublets from the two innermost layers,
followed by a search in the outer layers to find the next hits to build a hit triplet
(and a hit quadruplet in the four-layer case). The seed is only accepted if the n-
tuplet (composed of n hits) track parameters pass the tracking region requirements.

The seeding strategy for each iteration takes into account the type of track
that is targeted at the given iteration, and if it is possible to recover some of the
lost efficiency from previous iterations. Table 5.1 shows the requirements of each
iteration and their goal.

The JetCoreRegional iteration is used for the reconstruction of tracks inside
high pr jets. For this iteration, in particular, seeding faces a couple of challenges:
the higher the jet pr, the higher the amount of merged clusters on the first layer of
the pixel barrel; also, the amount of candidate tracks and misreconstructed tracks
increases with jet pr. The approach to seed these tracks® is to split the clusters
using information about the jet direction to predict the cluster shape and charge
that is expected.

To find the charged particle tracks from the seeds, the Kalman filter is used. It
starts from the rough track parameters estimated from the seeds and iteratively
updates these estimates by adding hits from successive layers of the detector. The
position and uncertainty of the added hits, together with the amount of material
crossed, are used to decide if a hit is to be added or not. The procedure to find a

track is divided into four steps:

3This method changed in 2024. The new ML-based algorithm called DeepCore 2.0 Hybrid [199]
is based on a combination of a deep convolutional neural network with the JetCoreRegional cluster
splitting and has changed the way these clusters are found.
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Table 5.1: CMS tracking algorithm iteration seeding strategy. The tracking region
parameters for each iteration are also indicated. The superscripts [a], [b], [c], and
[d] mean, respectively, consecutive layers, non-consecutive layers, hits can be
missing in the innermost layers (obvious for the pixel+strip and strip-only seeding
layers), and are used to recover efficiency from previous iterations. The units of pr,
Rinax and zyy are [GeV], [em], and [cm], respectively, with the exception of z.x
for the four first iterations and PixelPair, which is given in terms of the number
of standard deviations. The MixedTriplet and TobTec iterations have two sets
of tracking region parameters to account for distinct track parameters and layer
combinations.

Iteration Seeding layers pr Rumax  Zmax
Initial pixel quadruplets(?! 05 0.02 4o
LowPtQuad pixel quadruplets(?l 015 0.02 4o
HighPtTriplet pixel triplets!®] 055 0.02 4o
LowPtTriplet pixel triplets®] 02 002 4o
DetachedQuad pixel quadruplets!?! 03 15 150
DetachedTriplet pixel tripletsl?llc] 025 15 15.0
PixelPair pixel doublets!PIlelld] 0.6 0.015 4o
. . pixel+strip tripletsPllc] 04 15 150
MixedTriplet pixel+strip tripletsPllc] 06 15 10.0
PixelLess strip tripletsPllc] 04 1.0 120
strip doublets(Pll] 0.6 60 300
TobT
obTec strip triplets/Plc] 055 3.5  20.0
JetCoreRegional pixel+strip doublets®!lc] 100 02 02
MuonSeededStepInOut tracks from muons - - -

MuonSeededStepOutln  muons from muon chambers - - -

* Navigation: determines, from the current track parameters and their uncer-
tainties, what are the next layers that can be intersected by the extrapolated
trajectory, by employing a fast analytical propagator assuming a uniform
magnetic field and not taking into account multiple scattering or energy loss,
which implies in a perfect helical trajectory for the track. The navigation is
relatively straightforward in the barrel region but can be rather complex in
the barrel-endcap transition regions.

® Search for compatible silicon modules: in the layers found in the previous
step, a compatible module is set by checking if the position at which the
extrapolated trajectory intercepts it is within a tolerance of three standard

deviations of its boundary. Even though the propagation of the trajectory is
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a complex and time-consuming task [200], the algorithm in CTF is optimized
to keep the number of sensors to a minimum, while retaining almost 100%
efficiency. As stated in Chapter 3, the CMS tracker contains overlapping sen-
sors to provide full coverage around the IP, which means that particles cross
multiple sensors when traversing those regions. Grouping the compatible
modules in sets that do not contain overlapping modules is performed to
address this issue.

¢ Hit grouping and refinement: all hits from each module group are collected,
and "ghost hits" [182] are added to take into account material effects in
defective modules, without giving a position information to the propagator.
The combinatorial aspect of the tracking appears in this step, since for a given
trajectory, multiple hits can be found to be good candidates to compose the
track. The standard procedure is to only keep the hits that pass a x? test with
the prediction stage of the Kalman filter method.

¢ Trajectory updates: the track parameters are updated, including the newly
added hit information.

This four-step process is repeated until a given condition is met, which can be
distinct for each iteration. Also, other applications of the tracking algorithm, such
as in the high-level trigger track reconstruction, can have distinct conditions to
limit processing time. After the outward search is performed, an inward search
using the trajectory information is applied, where its main purpose is finding
additional hits that were missing from the seed, or that were not found during the
pattern recognition phase. Lastly, a trajectory cleaning is performed, given that
the same trajectory could come from distinct seeds, or that a seed could generate
multiple trajectories. The cleaning is based on a fraction of the amount of shared
hits by the track candidates. If it is higher than a set threshold, the candidate with
more hits is kept, or the one with the lower x?. This is done for all pairs of tracks
in each iteration and in all pairs of tracks when the iterations are combined into

one collection.

The process of track building described above is the most time-consuming step
of track reconstruction since it is combinatorial in nature. Given the multi-threaded
capability for data processing in Run 3, and that some of the used processors in
CPU allow for single instruction, multiple data (SIMD) execution, a parallelized
algorithm was developed for a great reduction in timing, while retaining physics
performance. This procedure received the name of mkfit [201], and it works by
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exploiting parallelization in three levels:

* Processing multiple events at once;

¢ The modular detector geometry is further split to have distinct regions
processed in parallel;

¢ Collections of seed tracks are used in distinct threads to consider different

groups of hits on each layer concurrently.

With this strategy, the algorithm is capable of advancing the global set of tracks

layer by layer, until a given condition is met.

To avoid tail effects during parallelization, i.e., irregular workloads with dis-
tinct processing time, which implies in some threads to have to wait for the rest
wasting processing time, the oneTBB is used, allowing for the tasks above to
be divided into fine-grained tasks, while still being executed quickly due to the
workload balancing through dynamic task "stealing".

The changes with respect to the track building steps defined above are the
following: to reduce the size of data structures, global coordinates are used, where
the hits are represented by the global position in the detector in Cartesian coor-
dinates (x, y, z), and the tracks are represented by (x, y, z, ¢, 8, 1/pt), which are
capable of deriving the five helical parameters described above; it uses a simpli-
fied detector description, with data structures that only contain the dimensions
of each layer, layer indices, some parameters that are useful for track building,
e.g., layer type and search windows for the hits, and control flags to perform
track propagation; the navigation and search for compatible hits is performed
analogously to those described above, while also taking into account material ef-
fects such as multiple scattering and energy loss; the branching of new candidates
from the collection of compatible hits is performed in bins of pseudorapidity to
allow for efficient hit information access and track concurrent processing, while
employing techniques to avoid load imbalance due to distinct seeds generating
distinct amounts of candidate tracks; finally, the cleaning of duplicate candidates
is performed firstly based on the p, 7 and ¢ characteristics of the fitted tracks,
which was tuned to retain track building efficiency in events with high PU, and
then, after track building, using the same quantities with extra information about
the hits in the track candidates.
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Currently, not all tracking iterations benefit from the mkfit algorithm. The
ones that use it are: Initial, HighPtTriplet, DetachedQuad, DetachedTriplet, and
PixelLess, while the other iterations use the default CKF algorithm.

After the mkfit algorithm building, the next step is trajectory fitting. For this
step, the full information of the track is only known when the last hit is found.
However, this estimation of the track parameters can be rather biased by the
assumptions and requirements made during track building, such as the beam spot
constraint. A refitting procedure using the Kalman filter and smoother is then

applied to improve the track candidates” parameter estimation.

The refitting starts by applying the Kalman filter at the innermost hit from
the trajectory estimate. To minimize bias, the covariance matrix is scaled up
significantly. The fitting then iterates through all hits outwards, updating the
trajectory estimate with each hit, and the valid hits” position uncertainties are
recalculated based on the current track estimation. After the refitting, the smooth-
ing stage does the same procedure, but from the outermost hit inwards to the
beam spot. A weighted average of both procedures’ estimated parameters is
associated with the tracks, providing the optimal track parameters, since, at every
hit, it takes into account information from the previous and the next hits. The
first and last hits are also included, since those can be propagated to the beam
spot and calorimeters/muon chambers, respectively. This step also benefits from
configurable parameters to improve processing speed, depending on where the
tracking algorithm is being applied.

In regions with |57| > 1, the magnetic field is not very homogeneous. To ac-
count for these inhomogeneities, and, also, detector material effects, the filtering
and smoothing process uses a numerical propagator that applies the fourth-order
Runge-Kutta method to numerically solve the first-order derivative equations of
motion of the particle for a given configuration of the magnetic field, since it may
deviate from a perfect helical trajectory. This is only possible because of a very
detailed and precise mapping of the magnetic field [202]. Trajectory estimates at
other points can also be obtained by extrapolating the nearest hit’s trajectory with
this propagator.

Given the large amount of charged particles produced in an LHC collision,
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the process described above produces a large amount of fake tracks, which are
defined as reconstructed tracks that do not come from actual charged particles.
To improve the quality of the tracks, a selection is applied over the collection of
reconstructed tracks to separate those that are most likely to be tracks from real
particles. This process evolved throughout the runs of CMS, starting as a set of
criteria that tracks had to fulfill, moving to the application of a boosted decision
tree using as input several characteristics of the reconstructed tracks, to what is
currently used in the Run 3 that is a selection based on a deep neural network
(DNN) [203]. The DNN uses information from the track parameters and their
uncertainties, the number of valid and missing hits in the track, and the iteration
flag, given that the score for assigning the quality of the tracks is distinct for the
different iterations, and to be able to train the network over all iterations at once.
Track quality is categorized into three levels, loose, tight, and high-purity, based
on their efficiency and fake rate, both of which decrease with increasing quality.
The DNN scores for the working points were chosen to match the efficiency of the
previously used the boosted decision tree (BDT) method, while a great reduction
in the number of fake tracks was achieved. After the selection step, the tracks from

each iteration are combined into a single collection.

To evaluate the performance of track reconstruction, a set of important charac-
teristics of the tracking algorithm is explored, e.g., the efficiency of reconstructing
tracks, the fake tracks rate, and the duplicate rate. All of these characteristics
are calculated as a function of the reconstructed track parameters to obtain the
performance of the algorithm at the distinct regions of the tracks” parameter space.
These calculations are performed using events from MC-generated samples, given
that it is possible to know the true trajectory of the charged particles. It is also
possible to control the events of interest to check the performance of the tracking
in more relevant scenarios. The reconstruction efficiency is defined as the fraction
of simulated tracks (originating from the main primary vertex) that are matched
to a reconstructed track sharing over 75% of its hits. The fake rate is the ratio
of reconstructed tracks not associated with any simulated track from any vertex.
Using the same simulated tracks, the duplicate rate is defined as the fraction of

simulated tracks matched to more than one reconstructed track.

In the figures below, the reconstructed tracks were chosen to have the high-
purity quality flag. Figure 5.7 left shows the efficiency of tracking for the distinct
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Figure 5.7: Tracking efficiency as a function of the simulated tracks pr estimated
with simulated tf events with an average PU of 65. Left: for the various iterations
that compose the CMS tracking algorithm. Right: comparison between mkfit
(black) and CKEF (red). Source [201].

iterations as a function of simulated tracks pr. It is possible to notice the effect of
tracking region parameters in the plot, and how the iterations are complementary
to each other. The plot on the right shows the impact of using the mkfit algo-
rithm in the iterations mentioned above when compared to using the standard
CKEF algorithm. Given that the goal of the mkfit algorithm was to speed up the
track-building stage, retaining the same efficiency is crucial. It is also possible to
see a similar behavior in the plots of fake rate and duplicate rate as a function of
the reconstructed track pr displayed in Figure 5.8. As mentioned, the real gain of
mkfit comes in the trajectory prediction time, shown in Figure 5.9. It is possible to
notice a reduction of around 1.7 times in the time to build the tracks when using
mkfit.

Figure 5.10 shows the comparison of the tracking efficiency when using the
DNN or the BDT to perform track selection, as a function of pr (left) and 7 (right),
where, as mentioned above, the efficiencies should be comparable. Figure 5.11,
however, shows the tracking fake rate comparison of using both selections, and
it is possible to notice a substantial reduction in fakes when applying the DNN
selection. In the duplicate rate, shown in Figure 5.12, a slight increase is observed
for the DNN-selected tracks that come from merging mkfit and CKF tracks that
were selected by the distinct DNNSs (different DNNs were trained for mkfit and
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Figure 5.8: Tracking fake (left) and duplicate (right) rate as a function of the
reconstructed tracks pr estimated with simulated ¢f events with an average PU of
65. The CKF (red) and mkfit (black) are being compared. Source [201].
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average PU of 65. Source [201].



Chapter 5. Improvement of the Pixel Tracks Reconstruction Algorithm 88

12 14 TeV 12 14 TeV
5* “rCMS » tt events (PUE65) 3 “r CMS n tt events (PPUE65)
GC) [ Simulation preliminary ni<3.0, |d0|<2.5 cm % [ Simulation preliminary pT>O'9 GeV, |d0|<2.5 cm
- — 1 - — 1
(@] B o L
L= L saaatittesoes b= L
o i o ey © rd .,'aglh
o 0.8 o 0.8= A ¢
c B c I e
2 I * = C % .
T 06 S 06l .
g T - - Lk ok
- 5 — 5
- z - °
0.4 0.4 e
L > le
L ®Run3, DNN | & *Run3, DNN
0.2[—= Run3; BDT 0.2 Run3; BDT 2
| = ¥
-3 L Ll L L1 L1 L
o 1 10 10 R R B
Simulated track P, (GeV) Simulated track n

Figure 5.10: Tracking efficiency as a function of the simulated tracks pr (left) and
1 (right) estimated with simulated tf events with an average PU of 65. The BDT
(black) and DNN (red) are being compared. Source [203].

CKEF tracks). Using the DNN also exhibits an improvement in timing to run the
selection [204], where, when running with a batch size of only one, i.e., performing
the classification of only one track at a time, it improves timing by 1.4 times, and
when using a batch size of 16, the timing is substantially improved by a factor of
54.

5.1.3 Vertex Reconstruction

As mentioned at the beginning of this chapter, another object is produced based
on information about the tracker: the vertices. The primary vertex reconstruction
"builds" the regions from where multiple charged particles were produced, and
provides the parameters of these objects, such as their amount of component

tracks, location, pt sum, and more.

The vertex reconstruction is composed of three steps: tracks’ selection, the
creation of groups of tracks that may come from a common vertex, and vertex
fitting to extract its properties. The track selection is done based on requirements
for its parameters. More specifically, it needs tracks where the normalized x? is
smaller than 10.0, the significance of the transverse impact parameter is less than

4.0, the minimum amount of pixel and pixel+strip layers with measurements is 2
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Figure 5.11: Tracking fake rate as a function of the reconstructed tracks pt (left)
and 7 (right) estimated with simulated tf events with an average PU of 65. The
BDT (black) and DNN (red) are being compared. Source [203].
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and 5, respectively, and no minimum pr selection is applied.

Track clustering is performed using a deterministic annealing (DA) algorithm
[205]. This method is well-suited for problems with many degrees of freedom,
like assigning multiple tracks to multiple vertices. It works by mimicking the
process of minimizing a system’s free energy: starting at high "temperature" and
gradually lowering it to reach a global minimum. What the algorithm needs is
to sort tracks into vertices, where the tracks are weighted by p;,, which is the
probability for track i to be in vertex k. To fit the DA method, the analogy in the
vertex reconstruction starts by defining the vertex x? as the energy of the system,
since, thinking about the possible states of the system, equal probabilities would
mean equal x? (or energy) for these configurations. Following the notation in Ref.

[182], the free energy equation is given as:

# tracks # vertices 1 (ZT _ Z]‘(/)z
F=-T ) vpilog ), prexp —TT / (5.1)
i k 1

where T is the temperature, p; are the track weights, which reflects their possibility
of coming from the beam spot, pi are vertex weights, which in this case of the
mass-constrained clustering [205] follows 2o = 1, zl-T are track z positions with
respect to the beam spot, 07 are the track position resolutions and z;’ are vertex z

positions with respect to the beam spot, that is the variable of interest.

The algorithm’s goal is to minimize F with respect to z; at every new tem-
perature while decreasing T. As the temperature diminishes, it gets closer to the
"critical temperature" T, of the current vertices, which means that the minimum
of the energy gets to a saddle point. To go through this "phase transition" and
continue decreasing the temperature, the vertex at T, is divided into two nearby
vertices, making sure that the p; sum of these vertices equals the parent py, and
the annealing proceeds. This procedure allows for the DA algorithm to begin
with very high temperature (more specifically, above the first T;) and only one
vertex with uniform probabilities for all the tracks in the system to be assigned to
it, and the decrease in temperature (with the constraint of minimizing the energy)
is responsible for increasing the number of vertices and those to be optimally
assigned to the tracks and vice-versa. Figure 5.13 shows an example of the DA
algorithm working to find clusters of points in two dimensions. The method starts

at a high temperature in image (a), which is decreased to find the points of phase
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Figure 5.13: Scheme of the deterministic annealing algorithm. The parameter A
shown in the images is related to the T.. Source: [206].

transition in images (b), (d), and (e). The method stops once it finds the best

solution in image (f).

If the cooling goes on without truncation, that is, if T — 0, a hard assignment of
the tracks would occur, which means that each track would be assigned to exactly
one vertex. In CMS, the technique used to avoid this is to limit the temperature at
which the vertices are allowed to split at 2.0 since this provides a good trade-off
between the possibility of splitting true vertices incorrectly and the resolving
power. The temperature is still allowed to decrease after that for a better track
assignment to the obtained vertices, given that it reduces the possibility of a track
being assigned to multiple vertices. The minimum temperature of the algorithm is
0.5. This also improves the timing of the algorithm to be executed. From T = 2.0
until T = 0.5, an outlier rejection technique is used in the form of a cutoff on the
tracks” assignment probability, pushing down the weight of the tracks that are
separated from the nearest vertex by more than three standard deviations in the
z-axis. Also, for a candidate vertex to be retained, at least two of its tracks must not
be assignable to any other vertex. A method used to increase the throughput and
efficiency of the DA algorithm, is to divide the input tracks into blocks of tracks,
where distinct sets of tracks are selected based on their position in the z axis. This
reduces the combinatorial problem needed to be solved by the algorithm, and
allows the DA to be executed over the distinct block in parallel.

The retained candidate vertices are then fitted to extract their relevant proper-



Chapter 5. Improvement of the Pixel Tracks Reconstruction Algorithm 92

ties, such as their position and uncertainties, the number of degrees of freedom,
and tracks” weights. The method used for fitting is the adaptive vertex fitting
[207], which assigns weights for the component tracks of the vertices, where the
higher the weight, the higher the probability of that track truly belonging to the
given vertex.

5.2 Heterogeneous Pixel Tracking

The offline events reconstruction is not the only place where tracking is used.
The online events reconstruction, or, more specifically, the one that happens during
the HLT selection, also makes use of the procedures described above, with some
modifications, since it needs to be able to sustain the high rate of events selected by
the L1T, while also retaining reasonable efficiency to be able to properly perform
the events’ selection.

The main differences concerning the offline reconstruction are: the usage of
only one iteration during tracking, and that the vertices are produced using only
pixel track information. The seeds for this iteration use triplets and quadruplets
of pixel hits, where the local reconstruction of pixel and strip hits is analogous to
the one described in Section 5.1.1, for track building and fitting it uses modified
(faster) versions of CKF and the Runge-Kutta propagator, and it uses the Run 2

BDT approach for tracks selection and quality assignment.

With respect to tracking, the pixel tracking algorithms re-writing to fit a high-
performance heterogeneous architecture, i.e., that makes it partially executable on
GPUs, implied in a reduction of about 100 ms in the average time to reconstruct
HLT events. The new algorithm became known as Patatrack [127, 183]. The Pata-
track algorithm’s local reconstruction was already described in 5.1.1. Tracks and

vertices reconstruction are described below.

From the reconstructed hits, the first step in track building is the creation of
doublets from adjacent layers, or skipping the layer in between, as shown in Figure
5.14. Given that the possible hit combinations in the pixel detector are very large,
selections over the pt, Ryax, Zmax, number of hits, and consistent cluster size in
between the layers are applied to keep the processing time of this step as low
as possible. Another choice that also improves on this matter is the grouping of
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Figure 5.14: Possible layers that can form doublets. Full lines represent adjacent
layers in the r — z plane, while dashed lines represent skipping a layer in between
the linked layers. Source: [183].

hits in regions of ¢, limiting the window that each hit has to search for its pair.
Finally, the outer hits search for a compatible hit in an inner layer follows all the
constraints mentioned above. Each outer hit is assigned to a thread so that this
search can be performed in parallel. The reduction in time that each choice above
causes in the reconstruction of doublets is detailed in Ref. [183].

The next step is to combine the doublets into n-tuplets (at least three hits are
needed for HLT pixel tracks). This procedure, algorithmically speaking, follows
a cellular automata-inspired procedure [127, 208]. In this mathematical model,
there exist simple structures, the cells, which are characterized by their states. The
state of a cell evolves with time, and it depends on the initial state of the system
it is embedded into and how it interacts with neighboring cells. In other words,
there exists a set of rules to evolve the state of each cell from time t — 1 to time ¢,
which is dependent on the state of neighboring cells in the system at time t — 1.
What makes this philosophy suitable for n-tuplets reconstruction is that the state
evolution of a cell only depends on the system’s initial state, and it is based on
local and simple calculations. These characteristics make the procedure highly
parallelizable. The parallel with n-tuplets building is that the doublets described
above are the cells of the system, and the set of rules to evolve the state of these
cells, i.e., to extend the doublets, are the kinematic/geometric checks that are
performed to link pairs of doublets that share a hit.

The rules that the cells follow to have their state evolved, i.e., getting linked
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Figure 5.15: Scheme of fishbone n-tuplets. Source: [183].

to other cells, are the following: besides sharing a hit in a common layer of the
pixel tracker, and coming from distinct pairs of layers, the three hits in neighbor-
ing cells must be aligned in the longitudinal plane (R — z), and follow a circle
trajectory in the transversal plane (x — y) that is compatible with R4y, since the
charged particles are subject to the magnetic field. All of the cells are tested in
parallel to produce a graph of all the possible linked triplets. For the creation
of quadruplets, the evolution of the cells’ state is performed once more with the
innermost layers. Afterward, a depth-first search (DFS) [209, 210] is applied to find
quadruplets, which start from cells with the inner hit in the first layer of the pixel
barrel detector (or in the second barrel or first endcap layers, to reconstruct outer
triplets). A DFS search allows for the finding of each n-tuplet, which are performed

independently of each other, making it possible to be executed on different threads.

The need to have a hermetic detector implies that some of the sensitive areas
of the pixel detector layers overlap. This causes some layers of the pixel tracker
to have more than one measured hit for a given charged particle, which, in turn,
causes multiple cells to exist between two layers for the same track. To clean the
possible doublets from these ambiguities, the fishbone n-tuplet algorithm [183] is
applied during the building of the doublets. In this algorithm, for aligned cells
sharing the same outermost hit, the shortest cell is kept. Figure 5.15 displays a
scheme of fishbone n-tuplets. The light gray areas show modules with partial
overlapping in that layer.

Finally, the found n-tuplets are fitted to extract the track parameters. The

complete estimate of the parameters is divided into three distinct fits:

* A faster pre-fit in the x — y plane to extract an estimate of the momentum of
the track, that is then used to calculate the multiple scattering contribution
of GMS X % [211],

¢ A line fit in the longitudinal plane to extract d, and cot(6);
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¢ And another circular fit in the x — y plane to calculate dy, pr and ¢.

All of the n-tuplets are fitted concurrently in parallel using one thread per n-tuplet.
After fitting, a duplicate remover algorithm is applied to retain only the best
quadruplets (triplets) in the case where more than one quadruplet (triplet) con-
tains the same doublet (hit). For quadruplets, the metric used is the smallest X2 of
the fitted track, while for triplets it is the smallest d.

With the pixel tracks, it is possible to build the pixel vertices, which follow a
distinct approach from the one described in Section 5.1.3. This alternative approach
is used because of the high throughput needed at the HLT. For pixel vertices, only
quadruplets with pt > 0.5 GeV are considered, which are then clustered to form
the vertices. The clustering rule is based on the position of the tracks in the z axis
(parallel to the beam direction), where, if the error in z of a track is lower than
a set threshold, the density of tracks in its neighborhood, i.e., that are within a
Azq and have a )(2 lower than a certain amount, is computed. If the density of a
track is higher than one, it is set as a seed for producing a vertex. Starting from the
seed tracks that follow the Az.,; and x? threshold are grouped to form the vertices,
where a vertex is built if it contains at least two tracks. The characteristics of the
vertices, such as the z position, x2%, and scalar sum of the pt of its constituents
squared Y pr?, are computed during the vertex fitting procedure. Finally, the
vertices are sorted by their Y_pt?. This algorithm is parallelizable at every step
that is executed. Tracks” density is calculated for every track on different threads,
tracks’” grouping is also performed with distinct tracks at once, and the vertex

fitting is done for many vertices in parallel.

5.3 Using the Alpaka Library

As mentioned in Section 5.2, the Patatrack algorithm was developed and de-
ployed to exploit the full parallelizability when using CPUs+GPUs. Even though
the Patatrack algorithm offered performance advantages, currently, the written
code is duplicated. As previously mentioned, CMSSW modules and classes are
written in the C++ programming language. To implement the reconstruction
algorithms to be executed on the GPUs, the CUDA platform [212] (for NVIDIA
GPUs) is used, where the modules call kernels to execute a given task on the GPU,
and then the final product can be transferred back to the CPU. To be able to run
the same algorithms also on different devices, the Patatrack reconstruction has
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CPU functions and almost cloned GPU kernels that execute the same procedures
on any device. This creates two issues: maintainability, since re-work is needed to
account for all the distinct cases and the small differences between the CPU and
GPU code can be difficult to work with; and the need for extra clones of the code
for different devices, e.g., when using AMD GPUs that need the code to be written
using the ROCm platform [213].

To solve this issue, performance portability libraries can be used. They allow
for the code to be written only once, be executed on different devices/architectures,
and retain close-to-native performance. One of such portability libraries is the
Abstraction Library for Parallel Kernel Acceleration (Alpaka) [214-216] library,
which is a header-only C++ library that provides performance portability across
different back-ends, abstracting the underlying levels of parallelism. It supports
serial and parallel execution on CPUs, and extremely parallel execution on GPUs.
The goal was to port the Patatrack code using the Alpaka library to remove
the duplicate implementation of the pixel tracking algorithm, thus reducing the
maintainability required, while providing access to different devices that will be
needed in the future. The porting of the code was performed in two steps: the
change of the data structure layout in the CUDA code®, and the porting to Alpaka.

5.3.1 Porting to a Generalized Macro-Based SoA Layout

The first step was the implementation of a new structure of arrays (SoAs) for
the parallel algorithms since they need to be optimized for coalesced memory
access on the GPU; in other words, it is a format where the data occupy adjacent
memory addresses, making the read /usage of the data more optimal, specially on
GPUs. The new C++ macro-based SoA layouts [217] serve as templates for the data
structures that can manage variable-sized arrays by assigning a size to the arrays
at runtime. Those offer a generic object that can completely replace the multiple
ad-hoc implementations that exist in CMSSW. Host and device-side classes can be
created inheriting from the Portable {Host |Device}Collections using SoA
layouts as templates. These classes take care of buffer allocation® on the distinct
devices and produce the SoA view mapping, which are pointers to each column
in the layout.

*CUDA code here refers to the duplicated code needed to execute the reconstruction on both
the CPUs and the GPUs.

°The buffer knows what device the memory is on, and how to free it when it is not needed
anymore.
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In CMSSW, the main data formats that are components of the pixel tracks and
vertices reconstruction are the following:

® SiPixelDigis

e SiPixelCluster
® TrackingRecHit
® Track

® Vertex

where each contains the SoA for the distinct objects. For each object, the changes
in the SOA would be similar to the Track example in Figure 5.16, and distinct

classes for host- and device-side memory allocation are created.

class TrackSoAHeterogeneousT {

private: GENERATE_SOA_LAYOUT(TrackSoALayout,
SOA_COLUMN(Quality, quality),
SOA_COLUMN(float, chi2),
SOA_COLUMN(int8_t, nLayers),

public: SOA_COLUMN( float, eta),
eigenSoA: :ScalarSoA<float, S» chi2; SOA_COLUMN(float, pt),
eigenSoA: :ScalarSoA<int8_t,to S> nlLayers; SOA_EIGEN_COLUMN(Vector5f, state),

SOA_EIGEN_COLUMN(Vectorl5f, covariance),
SOA_SCALAR(int, nTracks),
SOA_SCALAR(HitContainer, hitIndices),

/{ More statements follow SOA_SCALAR(HitContainer, detIndices))

}

eigenSoA: :ScalarSoA<uint8 t, S> quality_;

eigenSoA: :ScalarSoA<float, S> eta;
eigenSoA: :ScalarSoA<float, S> pt;

Figure 5.16: Modification done from "old" SoA (left) to "new" SoA (right) layout.
Shown is the example for the Track data format, but a similar approach was
performed for each object.

Besides the changes in the data formats, due to differences in how the arrays
were being accessed in each of the SoA layouts, mainly because the layouts wrap
the SoA view which is used to access the objects of the SoA, anywhere the objects
were used had to be modified to access its variables through the view. One such
example is in Figure 5.17, which shows how objects are accessed before and after

porting the data formats to the generic SoA templates.

The reconstruction code is divided as follows (using the naming as they are in
CMSSW):

® RecolLocalTracker/SiPixelClusterizer: detector raw information

unpacking into digis and building of clusters
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auto const& tsoaCPU = *tsoaHandleCPU->get(); auto const& tsoaCPU = *tsoaHandleCPU;

auto const& tsoaGPU = *tsoaHandleGPU->get(); auto const& tsoaGPU = *tsoaHandleGPU;

auto maxTracksCPU = tsoaCPU.stride(); auto maxTracksCPU = tsoaCPU.view().metadata().size();
auto maxTracksGPU = tsoaGPU.stride(); auto maxTracksGPU = tsoaGPU.view().metadata().size();
auto const* qualityCPU = tsoaCPU.qualityData(); auto const* qualityCPU = tsoaCPU.view().quality();
auto const* qualityGPU = tsoaGPU.qualityData(); auto const* qualityGPU = tsoaGPU.view().quality();

Figure 5.17: Modification done to access the objects inside the new SoA layout
from the wrapped view. Shown is the example for accessing objects in the Track
data format, but a similar approach was performed for every other object.

® RecoLocalTracker/SiPixelRecHits: building of hits using digis/cluster
information

®* RecoPixelVertexing/PixelTriplets: creation of n-tuplets and con-
sequently tracks from hits with the track fitting procedure to extract track
parameters

®* RecoPixelVertexing/PixelVertexFinding: building of vertices from

collections of tracks

Other modifications had to be done, mainly in directories containing plu-
gins to convert data stored in the accelerator device to data in the host CPU
(EventFilter/SiPixelRawToDigi and RecoPixelVertexing/Pixel—-
TrackFitting, which also produce the legacy data format that is used for
offline data analysis), the data quality monitoring utilities for the pixel tracks
(DOM/SiPixelHeterogeneous), and the plugins that generate the seeds for the
full tracking (RecoTracker/TkSeedGenerator).

Concurrently with these changes, the inclusion of templates to take into account
distinct tracker configurations/geometries and tracking algorithms was ongoing.
The main changes occurred in the data structures in which the whole pixel tracker
topology /geometry was being defined (Geometry/CommonTopologies) to in-
clude both the pixel tracker Phase 1 and Phase 2 geometries and parameters.

All the modifications to CMSSW and the discussions/reviews about this first
stage can be seen in Refs. [218, 219]. To evaluate the performance of the modified
pixel tracks’ reconstruction code, two methods were used: checking the through-
put, i.e., the number of events per second that were reconstructed, and comparing
the reconstructed object efficiency and fake rate concerning its properties.
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In Figure 5.18, it is possible to see the comparison in the throughput of the
original code (in blue) and the modified code (in red) concerning the number of
streams®, and both are in agreement. The same can be said about the pixel tracks’
efficiency and fake rate as a function 7, ¢, and pr. Figure 5.19 shows the efficiency
and fake-rate comparison of pixel tracks being reconstructed with the old code on
the CPU (blue) or GPU (red), with pixel tracks being reconstructed with the new
code on the CPU (black) or GPU (orange). No changes were expected in any of
these checks for this first step.

1200 A
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Figure 5.18: Throughput comparison of reconstruction using old code (blue) with
modified code (red), as a function of the number of streams. The throughput was
calculated using data from a 2018 run. No differences were expected.

5.3.2 Porting to Alpaka

Besides extra changes to the data formats, needed due to differences in the
workings of the PortableCollections for the Alpaka code’, the CMSSW
framework classes to execute a given task were also modified. Specifically,
new ESProducer, which produce the event setup conditions, and EDProducer,
which produce the event data information, were implemented to work with the
Alpaka collections. This change, together with modifications in the input/output

data to the modules, and distinct formats to the data dictionaries (mainly to inter-

®Each stream can run the reconstruction modules over a few events, assigned automatically by
the CMSSW framework, and are independent of each other. They are executed concurrently.

7 Alpaka code here refers to the code needed to execute the reconstruction on both the CPUs
and the GPUs, written only once and compiled for distinct devices
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Figure 5.19: Comparison of pixel tracks being reconstructed with the old code
on the CPU (blue) or GPU (red) with pixel tracks being reconstructed with the
new code on the CPU (black) or GPU (orange). The efficiency and fake rate were
estimated using a Run 3 simulation of ¢f processes with an average PU of 65. No
relevant differences were expected.



Chapter 5. Improvement of the Pixel Tracks Reconstruction Algorithm 101

face the produced data with the ROOT framework [220]), implied that the majority
of the Patatrack reconstruction code had to be rewritten/updated.

The indication for the framework of when to compile the code for the distinct
devices came from the addition of alpaka folders [221], where the Alpaka plugins
needed to be included, following the changes as displayed in Figure 5.20.

CUDADataFormats/Track/ RecoTracker/PixelSeeding/
-- BuildFile.xml |-- plugins/

-- README.md |-- BuildFile.xml

- interface/ -- CAHitNtupletCUDA.cc

|-- TrackSoAHost.h -- CAHitNtupletGeneratorKernels.cu

|
|
|-
|
|
|-- src/ -- CAHitNtupletGeneraterKernels.h
-- CAHitNtupletGeneratorOnGPU.cc
-- CAHitNtupletGeneratoeronGPU.h

|

|-- TrackSoADevice.h |:l‘:::| | -- CAHitNtupletGeneratorKernels.cc
|
|
|-- classes.h |
|

|-- classes_def.xml

DataFormats/TrackSoA/
-- BuildFile.xml

|
| -- README.md X i
ecoTracker/PixelSeedin,
| RecoTracker/PixelSeeding/
-- interface/
|-- plugins/
| |-- TrackScADevice.h |-~ Buildril 1
-- BuildFile.xm
| |-- TrackSoAHost.h | Lpakas
-- alpaka
I 1-- alpake/ |-- CAHitMtuplet
-- itNtuplet.cc
| | -- TrackSoACollection.h . P
, | -- CAHitNtupletGenerator.cc
- src
l | -- cAHitNtupletGenerator.h
-- alpaka/
| i 1 dauh | -- CAHitNtupletGeneratorKernels.dev.cc
-- classes_cuda.
- | -- CAHitNtupletGeneratorKernels.h

s
|
|
| |-- classes_cuda_def.xml
| |-- classes_rocm.h

| |-- classes_rocm_def.xml
|-- classes.h

|

-- classes_def.xml

Figure 5.20: Example of changes in file structure for Alpaka. Files have been omit-
ted to not pollute the image with unnecessary information. Main modifications
are the inclusion of the alpaka folder that contains all the code to be compiled
for distinct devices, new class dictionaries to take into account objects created by
distinct devices, and, using as an example the CUDA code, the kernels that do the
reconstruction are now contained in % . dev. cc files.

Besides the main data formats for pixel tracks, some extra objects needed to be

included, given that all of the inputs also needed an Alpaka counterpart:

® BeamSpot
® SiPixelClusterSoA
® SiPixelDigiSoA
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® TrackSoA
® TrackingRecHitSoA

® Vertex

The created /modified directories for the rest of the reconstruction algorithm were

the following (using the CMSSW naming):

® CalibTracker/Records: building of event setup records for tracker map-
ping/gain calibration

® CalibTracker/SiPixelESProducers: producing event setups for track-
er mapping/gain calibration

* CondFormats/SiPixelObjects: data formats for pixel tracker mapping/
gain calibration

e Configuration/ProcessModifiers: addition of an alpaka modifier
to run the pixel tracks reconstruction with the Alpaka code

® RecoLocalTracker/SiPixelClusterizer: detector raw information
unpacking into digis and building of clusters

* RecoLocalTracker/SiPixelRecHits: building of hits using digis/clus-
ters information

® RecoTracker/PixelSeeding: creation of n-tuplets and consequently
tracks from hits

® RecoTracker/PixelVertexFinding: building of vertices from collec-
tions of tracks

To be able to check the performance of the Alpaka code and to compare it
with CUDA, two versions of the CUDA code were used: the CMSSW version
with the CUDA-only implementation of the reconstruction algorithm and the
updated CMSSW that also contains the Alpaka modifications. This was needed,
since maintaining the CUDA code in CMSSW for some time allowed for more
cross-checks to be performed, and the performance of the distinct versions to be
compared thoroughly. The efficiency and fake rate plots in Figure 5.21 compare
pixel tracks pseudorapidity after being reconstructed on the CPU and GPU with
the CUDA-only code (blue and orange, respectively), and with the Alpaka code
(green and red, respectively). In Figures 5.22 and 5.23, a comparison of the objects
reconstructed on the CPU and the GPU using the Alpaka code is performed. Fig-
ure 5.22 shows the number of pixel tracks being reconstructed on the CPU vs on
the GPU for the CUDA-only version (left) and the Alpaka version (right). Similarly,
Figure 5.23 shows the amount of pixel vertices being reconstructed on the CPU
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vs on the GPU for the CUDA-only version (left) and the Alpaka version (right).
No changes were expected in any of these checks for this second step, as can be
seen by the almost perfect agreement in the comparisons. All the modifications
to CMSSW and the discussions/reviews about this second stage can be seen in
[222-229].
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Figure 5.21: Comparison of pixel tracks efficiency and fake rate as a function of 7,
for tracks reconstructed with the CUDA-only code on the CPU (blue) and GPU
(orange), and the Alpaka code on the CPU (green) and GPU (red). These variables
were estimated using a Run 3 simulation of ¢f processes with an average PU of 63.
No relevant differences were expected. Source [230].
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Figure 5.22: Comparison of the number of pixel tracks reconstructed on the CPU
vs on the GPU for tracks reconstructed with the CUDA-only code (left) and the

Alpaka code (right). No relevant differences were expected. Source [230].
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Figure 5.23: Comparison of the number of pixel vertices reconstructed on the CPU
vs on the GPU for vertices reconstructed with the CUDA-only code (left) and the

Alpaka code (right). No relevant differences were expected. Source [230].

Besides aiding in the data acquisition for the disappearing tracks analyses in

the near future, these changes benefit the CMS collaboration as a whole. Even

though an improvement in efficiency or timing is not observed, or expected, its

impact in the flexibility on the development of new algorithms for data processing

and the acquisition of more computing power, in terms of obtaining different types

of processing units from distinct manufacturers, will improve the capability of the

collaboration to collect and analyze data.



Chapter 6

Search for Disappearing Tracks with
CMS Early Run 3 Data

As discussed in Chapter 4, previous CMS analyses investigated disappear-
ing tracks using 19.5fb ™! of 8 TeV, 38.4fb ! of 13 TeV, and 101 fb ™' of 13 TeV pp
collision data collected in 2012 [136], 2015-2016 [137], and 2017-2018 [138], respec-
tively. These searches excluded, at the 95% confidence level, the direct electroweak
production of wino-like charginos with a mass below 884 (474) GeV for a mean
proper lifetime of 3 (0.2) ns. In this search for disappearing tracks, the events
analyzed are from 62.5 fb ™! of collected data in 2022 and 2023 at /5 =13.6 TeV.

To identify candidate disappearing tracks, events are initially required to in-
clude an isolated, high-pt track. This track must not be consistent with a SM
charged lepton. Additionally, candidate tracks must exhibit minimal associated
energy deposits in the calorimeter and have multiple missing outer hits in the
silicon tracker, characteristic signatures of disappearing tracks from signal pro-
cesses. In contrast, tracks arising from background (BG) SM processes generally
display either few missing outer hits or large associated calorimeter energy de-
posits, as shown in Figure 6.1. Standard model processes yield a disappearing
track signature only when a misreconstruction occurs, such as an electron’s energy
not being fully registered by the electromagnetic calorimeter. These background
contributions are evaluated using data-driven methods. MC signal events are
produced following the workflow described in Chapter 4. The methodology to
evaluate the sensitivity of the search is the "cut and count", which is based on a
series of requirements applied over the analyzed events to select relevant ones

that increase the signal over background significance.

Besides the signal simulation, data sets and triggers used in the analysis, de-
scribed in Chapter 4, this chapter describes the remaining parts of the data analysis:

105
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GeV, while BSM events are more distributed over NO'er hits while the E,, is, in
the majority of events, close to 0.
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the definition of the objects used is given in Section 6.1, that is used in all of the
search; Section 6.2 details the criteria used to select disappearing tracks events; the
two main sources of background events are described in Section 6.3, with the esti-
mated number of BG events from collected data being shown; Section 6.4 shows
the MC to data corrections applied over signal samples; all of the background and
signal number of events estimation have their systematic sources determined in
Section 6.5; and, finally, Section 6.6 compiles all of the estimated number of BG
and signal events, along with their systematic uncertainties, to be used in the cut

and count statistical method and extract results.

In the search for disappearing tracks, several requirements are applied over
the data to separate events into the signal region. The objects used in the analysis
have to be selected following the central guidelines from CMS for data analysis
to ensure the best possible performance. These objects are: pTisS jets, electrons,
muons, hadronic taus, primary vertices, and charged particle tracks.

6.1 Object definitions

Whenever pis is used, PF pis® with type-1 corrections! applied is employed,
and the pr of all reconstructed muons is counted as invisible, denoted by p1 " I".
This approach ensures consistency between the offline p7iss and the calorimeter-
miss

based pi"** used in the triggers, both at L1 and HLT. When jets are used, they refer
to PF jets with pr > 30GeV and |57| < 4.5, reconstructed using the anti-kt cluster-
ing algorithm [232, 233] with a distance parameter of R = 0.4 and with charged
hadron subtraction [234] applied (AK4 jets)>. Muons, electrons, and hadronically-
decaying tau leptons (hadronic taus, also referred to as Tj,) are reconstructed using

the appropriate PF algorithms [178].

Given the use of missing transverse momentum in this search, a set of standard

piss filters, recommended by the CMS collaboration experts, is applied to elimi-

IThe type-1 corrections [231] take into account the jet energy scale corrections in the calculation
of the p7'** following:
T O = P = Y (P jer — Prjet)
jets
where "corr" refers to the values after corrections.

2The charged hadron subtraction algorithm works as a PU mitigation technique. More advanced
methods exist, such as the pileup-per-particle identification (PUPPI) [235].
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nate events with poorly reconstructed pTiss. Specifically, the filters select events
with a well-reconstructed primary vertex, veto events with misreconstructed
muons, veto events with noise and/or bad calibration in the calorimeters, and
veto events affected by beam halo. These filters have been found to have a negligi-
ble effect on signal acceptance.

Standard identification (ID) and selection criteria, following central CMS guide-
lines, are applied to each object type. These criteria are summarized in Tables 6.1,
6.2,6.3,6.4, and 6.5, covering primary vertices, jets, electrons, muons, and hadronic
taus. In cases requiring the selection of a single primary vertex, the vertex with
the highest scalar sum of physics-object p? is chosen as the primary pp interaction
vertex. The physics objects contributing to this sum are defined by the output of
a jet clustering algorithm [232, 233, 236] applied to all charged tracks associated
with the vertex, along with the corresponding missing transverse momentum. The
transverse and longitudinal impact parameters of a track relative to this vertex are
given by

—(Ox = )py + (o~ Y)Px and d; = (v, —2z)— (0 = D) (O —Y)py '&,

pT pr pr
(6.1)

where (vy, vy, v;) denotes the point of closest approach of the track to the CMS

dxy

detector origin, and (x,y,2) represents the position of the primary vertex. dxy will
also be referred to as dy throughout the work.

Table 6.1: Requirements used to select primary vertices in the 2022 and 2023
data sets. The criteria take into account the validity of the primary vertex (based
on some minimum thresholds), the number of degrees of freedom fitted and its
position in the z axis and the x — y plane, respectively.

selection name variable selection
isValid = true
ood primary vertex ndof = 4
5004 P y |z| < 24cm
[y < 2cm

The primary objects used to reconstruct signal candidates are charged particle
tracks. Using the CMSSW namings, the collection referred to as “isolated Tracks”
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Table 6.2: ID criteria for tight jets with lepton veto defined for both 2022 and 2023.
The criteria take into account the neutral and charged, hadronic and electromag-
netic energy fractions (measured at HCAL and ECAL, respectively), the total and
charged number of constituents, and the amount of energy coming from muons,
respectively. More details on the determination of the ID requirements can be
found in [237].

variable requirement
neutral hadron fraction < 0.99
charged hadron fraction > 0.01
neutral EM fraction <09
charged EM fraction < 0.8
number of constituents >1
charged multiplicity >0
muon fraction <0.8

in MiniAOD is employed, comprising IsolatedTrack objects formed from a
union of PF candidates, lostTracks, and generalTracks, with a dedicated
procedure for duplicate removal. The collection includes tracks if they have
pr > 20GeV, or if they have pt > 5GeV while passing a minimal isolation re-
quirement. Given that a pt > 50 GeV requirement is later imposed during track
selection (see Section 6.2.2), this collection is sufficient. Importantly, these tracks

provide access the tracks’ hit pattern.

As described in Section 4.2, calorimeter jets are also used in this analysis,
although indirectly, through their association with isolatedTracks. The jets in
question are the “ak4CaloJets” from AOD, constructed as CaloJets with AR =
0.4 using calorimetric tower inputs. The inputs to the ak4CaloJets have a minimum
transverse energy Er, i.e., Ecos(0), of 0.3 GeV, and jets are required to have pt >
10 GeV. No energy corrections are applied to these jets. They serve as the basis for
the matchedCaloJetEmEnergy and matchedCaloJetHadEnergy variables,
which act as proxies for the local calorimeter energy close to isolated tracks.

6.2 Event and Track Selection

To refine the signal region sample, an offline event selection is required on top
of the online HLT selection described in Section 4.3. In this search, this selection
is divided into four steps that are applied sequentially: the basic selection, the
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Table 6.3: Requirements for selecting tight and loose electrons. The values outside
(inside) parenthesis are used when [#syperciuster| < 1479 (|1fsupercluster| > 1.479),
where a supercluster (SC) is a collection of clusters, i.e., regions with measured
energy that exceed the ECAL crystals” background noise. These requirements were
used for both the 2022 and 2023 event data sets. The criteria take into account the
SC crystals’ energy distribution in 77 and ¢, the fraction of the sum of HCAL energy
centered around the SC and the SC’s energy, the PU-corrected relative isolation,
the difference between the inverse of the SC energy and the track momentum, the
transverse and longitudinal impact parameters, the amount of missing inner hits
and if a photon has been converted to an electron, respectively. A more detailed

description of the reconstruction and identification of electrons can be found in
[238].

variable requirement
tight ID loose ID
full 5 x 5 0y < 0.0101(0.027) < 0.0107(0.0275)
| AYseed| < 0.00411(0.00938) < 0.00691(0.0121)
|Apin | < 0.116(0.164) < 0.175(0.228)
< 0.02(0.02) < 0.05(0.05)
H/E +1.16(0.5) / Esc+ +1.28(2.3)/ Esc+
1+0.0422(0.262) % p/Esc+  +0.0422(0.262) * p/ Esc
rel. iso. with p-corr < 0.0388(0.0544) < 0.194(0.184)
B ' +0.535(0.519) / pr +0.535(0.519) /pr
|1/E—1/p| < 0.023(0.018) < 0.138(0.127)
|y < 0.05(0.10) cm < 0.05(0.10) cm
|d.| < 0.10(0.20) cm < 0.10(0.20) cm
missing inner hits <1 <1

has matched conversion = true = true
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Table 6.4: Criteria for identifying tight and loose muons in the 2022 and 2023 data
sets. The criteria take into account if the muon is a global muon based on a minimal
set of thresholds, if it was reconstructed by the PF algorithm, its normalized x?,
the number of valid hits and matched stations in the muon chamber, its transverse
and longitudinal impact parameters, the amount of valid hits in the pixel tracker
and in the full tracker, and the relative isoltion, respectively. A more detailed

description about the reconstruction and identification of muons can be found in
[239, 240].

variable requirement
tightID  loose ID

isGlobalMuon = true = true

isPEFMuon = true = true

XZ /ndof <10

valid muon hits >0

matched muon stations > 1

|dxy| <0.2cm

|d| < 0.5cm

valid pixel hits >0

tracker layers with hits  >= 10

rel. iso. with AB-corr. < 0.15

Table 6.5: Hadronic tau ID with light flavor rejection using tau ID sources defined
for the 2022 and 2023 data sets. The criteria take into account the reconstructed
decay modes of the tau, its isolation, and the discrimination between taus and
electrons and muons, respectively. More details on the reconstruction and identifi-
cation of hadronic taus can be found in [241, 242].

selection name  variable requirement
decayModeFindingNewDMs > 0.5

hadronic tau ID byTightCombinedlIsolationDeltaBetaCorr3Hits > 0.5
byVVVLooseDeepTau2018v2p5VSe > 0.5
byVLooseDeepTau2018v2p5VSmu > 0.5
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isolated track selection, the candidate track selection, and the disappearing track
selection. Each set of requirements refines the events to extract those consistent
with a disappearing track signature.

6.2.1 Basic Selection

The first step is called the basic selection, which selects events that have high

miss

bt T€
the p7 """ > 120 GeV requirement is below the point where the HLT selection

recoiling against a high pr jet. The criteria are listed in Table 6.6. Although

reaches 100% efficiency, as shown in Figure 4.12, it is used to increase the number
of possible signal events that can be selected. The angular requirements are needed
to reduce the very large background from SM events composed uniquely of jets
produced through the strong interaction, referred to as QCD background. The
criterion |A®(leading jet, pITniSS’nOH )| > 0.5 is used to avoid events with badly
measured jet energy, while max |Adjetjet| < 2.5 is used to veto dijet events. Figure
6.2 shows the distribution of those variables in data and MC.

Table 6.6: Criteria defining the basic selection. The selections are applied se-

quentially, with only the objects passing a given selection being used in further
requirements.

quantity object selection
event passes pis® triggers
>1 primary vertices passing good primary vertex requirements
pr ook pr > 120GeV
>1 jets pr > 110 GeV
>1 jets 7| < 2.4
>1 jets passing tight ID with lepton veto requirements
jet pairs (if any) ~max | Adjetjet| < 25
pr ok |A®(leading jet, pr ") > 0.5

6.2.2 Isolated track selection

Following the basic selection, the events are required to have a high pt isolated
track that is continuous (has no missing inner or middle hits) and does not fall into
regions of known inefficiency in the CMS detector. The isolated track selection
requirements are listed in Table 6.7. The pr > 55 GeV requirement is chosen to
match the region where the pTiss + IsoTrk HLT paths reach peak efficiency, while
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the || < 2.1 targets the region where tracks are almost guaranteed to traverse
at least four layers of the pixel detector. The amount of valid and missing in-
ner and middle hits guarantees that the selected track is of high quality. The
PF-based isolation is calculated as the scalar sum of the pt of the charged PF
candidates within a cone of AR < 0.3 relative to the candidate track in question.
The value of the isolation requirement is chosen to match the selection made in
HLT_MET105_IsoTrk50_vx. This calculation only takes into account charged
PF objects that come from the primary vertex as well, i.e., their longitudinal impact
parameter |d;| has to be smaller than 0.1 cm with respect to the primary vertex.
This procedure mitigates the pileup dependence in the calculation. The impact
parameter criteria ensure that the charged particle track is produced promptly and
is consistent with the most interesting collision. Finally, tracks are required not to

be inside a PF jet to guarantee their isolation.

In 2023D there was a problem with the pixel barrel, in which layers 3 and 4
(BPix3 and BPix4) of the pixel barrel detector had readout issues which implied
in the loss of several modules, decreasing the efficiency of tracks reconstruction
in the region of -1.5 < 77 < -0.2 and -1.1 < ¢ < -0.9, as can be seen in Figure 6.3.
Given that recovering those modules means that the electronics of the service
cylinder would need to be replaced, a recovery was not considered. The measured
inefficiency of track reconstruction in that region is of the order of 2%, which is
included as a systematic uncertainty source in this search, as described in Section
6.5.2.

The fiducial selections shown in the table refer to regions of known inefficiency
for reconstructing physics objects in the CMS detector. First, there are three regions

in || which are vetoed :

* 0.15 < |5| < 0.35: there is a gap here between wheels 0 and 1 of the DT
stations, where muons could be misreconstructed due to missing information
and mimic a disappearing track;

* 142 < || < 1.65: this is the region where the barrel and endcap sections
of the ECAL overlap, where electrons and charged hadrons could be misre-
constructed, producing the signal of a high-pt isolated track with a small
amount of E_,j,;

* 155 < |g| < 1.85: this is the transition region between the outermost
rings and innermost ring of the CSCs, implying the same as the first region
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Table 6.7: Criteria defining the isolated track selection. The selections are applied
sequentially, with only the objects passing a given selection being used in further
requirements.

quantity object selection
event passes basic selection
>1 tracks pt > 55 GeV
>1 tracks 7| <21
>1 tracks passing fiducial selections
>1 tracks number of pixel hits > 4
>1 tracks missing inner hits = 0
>1 tracks missing middle hits = 0
>1 tracks rel. PE-based iso. < 0.05
>1 tracks |dyy| < 0.02cm (w.r.t. primary vertex)
>1 tracks |dz| < 0.5cm (w.r.t. primary vertex)
>1 track-jet pairs  ARyrackjet > 0.5
9.4 b (13.6 TeV, 2023)
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Figure 6.3: Tracking efficiency measured with a muon tag-and-probe study by the
dedicated CMS group. The comparison between collected and simulated data
is performed as a function of muon ¢. Shown are comparisons with data from
2023BPix. Source: [243].
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mentioned above

as can be seen in Figure 3.5. More explicitly, Figure 6.4 shows the tracking efficiency
as a function of 77 in events of Z — pu (left) and Z — ee (right) processes, respec-
tively, where it is possible to see the decrease in efficiency due to the regions above.

1
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Figure 6.4: Tracking efficiency measured with Z — uu (left) and Z — ee (right)
tracks, performed by the dedicated CMS group. The efficiency is measured as
a function of 1, where it is possible to note the lower efficiency regions that are
vetoed in this search. Source: [244].

Additionally, at the very center of the TOB region of the strip tracker, a track
with 77 = 0 that originates close to z = 0 would only traverse the edges of the TOB
modules, as can be seen in Figure 6.5, making it possible for the track to have a large
amount of N&‘ggr hits Tny the 2015-2016 search, two tracks with those characteristics
were observed. To avoid this region, tracks are vetoed if |d;v'r't’ Origm| < 0.5cm and
|A| < 1073, where A = Z — 0, where 6 is the angle of the track with respect to the

Z axis.

Specially due to a water leak in the ECAL endcap during 2022E, F, and G eras,
events with jets falling in the regions shown in Figure 6.6 are vetoed. Also, because
of noisy or dead sensors in the ECAL, tracks that are within AR < 0.05 of the
regions shown in Figure 6.7 are vetoed from the events. Besides the extraordinary
occurrences that happened in 2022EFG and 2023D, all the jet veto and ECAL
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Figure 6.5: p-z plane schematic of the CMS silicon tracker. The red line represents
a track with # ~ 0. The silicon tracker endcaps are not shown.

noisy/dead channels maps are very similar.

Finally, lepton reconstruction inefficient regions are calculated with the so-
called fiducial maps, which display the inefficient regions in # x ¢ bins, and the
event is vetoed if an isolated track falls within AR < 0.05 of regions with 2¢
above the mean inefficiency. This is needed since an isolated high-pr lepton that
is not reconstructed properly could mimic the disappearing tracks signal. These
regions are calculated with the tag-and-probe method, where the tag is a well-
reconstructed lepton, and the probe is a track that should be associated with a
lepton but was not identified as such. To select pairs of lepton-track where the
track should be associated to a lepton of the same flavor and opposite charge,
they must be coming from a Z boson, and are chosen following the selections
in Tables 6.8 and 6.9, to account for electrons and muons separately. To check
that tracks were effectively misreconstructed, they must pass the requirement
ARtrack, 1oose lepton > 0.15, which guarantees that they are not associated with any
lepton. The inefficient regions are calculated as the ratio between the number of
events after and before the veto. Examples of fiducial maps can be found in Figure
6.8.
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Figure 6.6: Jet veto 17 X ¢ maps. Events with jets in the red regions are vetoed.
Shown are periods 2022CD (top left), 2022EFG (top right), 2023C (bottom left),
and 2023D (bottom right). The large veto region in the 2022EFG map at 7 ~ 2 is
due to the water leak in the ECAL endcap, and the 7 =~ —1 region in the 2023D
map is related to the pixel barrel issue.
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Figure 6.7: Noisy/dead ECAL channels 1 x ¢ maps. This information is estimated
by the relevant CMS group and is stored in each event. Shown are periods 2022CD
(top left), 2022EFG (top right), 2023C (bottom left), and 2023D (bottom right).
Tracks within AR < 0.05 of any of these channels are vetoed.
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Table 6.8: Tag-and-probe selection to study the reconstruction inefficiency of
electrons. The criteria are applied sequentially, with only the objects passing a
given selection being used in further requirements. The tag is the selected electron,
and the probe is the selected track. Except for the pt and the pair requirements of
the tag-and-probe, the disappearing track selection, with the electron veto (defined
in Table 6.15) removed, is applied to select probe tracks.

quantity object selection
event passes SingleElectron/EGamma triggers
>1 electrons pr > 32GeV
>1 electrons 7| < 2.1
>1 electrons passing tight electron ID
exactly one passing electron chosen randomly
>1 tracks pr > 30GeV
>1 tracks ln| <21
>1 tracks ln] < 0.150R |y| > 0.35
>1 tracks ln| <142 0R || > 1.65
>1 tracks |n] < 1.550R |y| > 1.85
>1 tracks miNn ARfrack noisy/dead ECAL ch. > 0.05
>1 tracks |d| >05cm OR |A| > 1073
>1 tracks number of pixel hits > 4
>1 tracks missing inner hits = 0
>1 tracks missing middle hits = 0
>1 tracks rel. PE-based iso. < 0.05
>1 tracks |dxy| < 0.02cm
>1 tracks |d;| < 0.5cm
>1 track-jet pairs ARtrackjet > 0.5
>1 track-electron pairs  Miack electron > 10 GeV
>1 tracks min ARyack muon > 0.15
>1 tracks min ARrack had. tau > 0-15
exactly one passing track chosen randomly
=1 track-electron pairs | Miack electron — Mz| < 10 GeV

= track-electron pairs  Girack * Jelectron < 0
>1 track Niayers > 4 (three signal region bins)
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Table 6.9: Tag-and-probe selection to study the reconstruction inefficiency of
muons. The criteria are applied sequentially, with only the objects passing a given
selection being used in further requirements. The tag is the selected muon, and
the probe is the selected track. Except for the pt and the pair requirements of the
tag-and-probe, the disappearing track selection, with the muon veto (defined in
Table 6.15) removed, is applied to select probe tracks.

quantity object selection
event passes SingleMuon triggers

>1 muons pT > 26 GeV
>1 muons | <21
>1 muons passing tight muon ID

exactly one passing muon chosen randomly
>1 tracks pt > 30GeV
>1 tracks In| <21
>1 tracks 7] < 0.150R |5| > 0.35
>1 tracks 7] < 1.42OR |y| > 1.65
>1 tracks 7] < 1.550R |5| > 1.85
>1 tracks min AR’crack,noisy/ dead ECAL ch. > 0.05
>1 tracks |d;| > 0.5cm OR |A] > 1073
>1 tracks number of pixel hits > 4
>1 tracks missing inner hits = 0
>1 tracks missing middle hits = 0
>1 tracks rel. PF-based iso. < 0.05
>1 tracks |dyxy| < 0.02cm
>1 tracks |d;| < 0.5cm
>1 track-jet pairs ARtrackjet > 0.5
>1 track-muon pairs  Myqack muon > 10 GeV
>1 tracks min ARack electron > 0.15
>1 tracks min ARrack had. tau > 0-15
>1 tracks Ecalo < 10GeV

exactly one passing track chosen randomly
= track-muon pairs  |Miyack muon — Mz| < 10GeV
= track-muon pairs  Gyrack - Jmuon < 0
>1 track Njayers = 4 (three signal region bins)
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Figure 6.8: Tag-and-probe measured lepton reconstruction inefficiencies. Electrons
(left) and muons (right) are estimated separately for each era of the Run 3 data
collection. Shown is 2022F. Bins with inefficiency higher than 2 oymean above the
average inefficiency are used to veto tracks, which are marked with green circles
in each image. Both maps are used in the respective era selection to account for all
flavors of inefficiently reconstructed leptons.

6.2.3 Candidate track selection

The next selection selects events in which the isolated track is not associated
with any reconstructed lepton, that is, the geometric distance between an isolated
track with reconstructed leptons should be large, as displayed in Table 6.10. This is
essential to remove isolated leptons that come from the decay of SM gauge bosons,
since the isolated track selection does not generally reject those. All electrons
and muons available in the MiniAOD are used, while hadronic taus have to pass
through the pre-selection recommended centrally by CMS, shown in Table 6.5.
The threshold set ensures that almost all events with reconstructed leptons will be

vetoed.

6.2.4 Disappearing track selection

Finally, to effectively select on disappearing tracks and discriminate between
signal and BG, two variables are used: the calorimeter energy associated with a
candidate track and the number of missing outer hits of the selected track, both
defined in Chapter 4. Table 6.11 shows the requirements on those variables. Events

that pass the disappearing tracks selection comprise the signal region events. The
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Table 6.10: Criteria defining the candidate track selection. The selections are
applied sequentially, with only the objects passing a given selection being used
in further requirements. All available electrons and muons in MiniAOD are
used during this matching to reject as many leptons as possible. Hadronic taus
are identified using the requirements listed above in table 6.5 with the isolation
selection removed.

quantity object selection

event passes isolated track selection

>1 tracks min AR ack electron > 0.15
>1 tracks min AR ack muon > 0.15
>1 tracks min ARack had. tau > 0.15

signal region is further divided into three bins of 4, 5, and 6 or more (6+) tracker
layers with a valid measurement of the selected tracks, to increase the sensitivity
of the search for smaller ct. The comparison on the number of events passing
the full disappearing tracks selection with an estimation of the expected amount
of events coming from BG is what the cut and count method uses to perform a
hypothesis test; the null hypothesis is SM only, with the alternative hypothesis
being SM+AMSB.

When comparing signal and SM MC events that went through the full dis-
appearing track selection except for the variable being plotted, it is possible to
see a very good separation between both samples, as shown in Figures 6.9 and 6.10.

Table 6.11: Criteria defining the disappearing track selection. The selections are
applied sequentially, with only the objects passing a given selection being used in
further requirements.

quantity object selection

event passes candidate track selection
>1 tracks E.jo < 10GeV
>1 tracks missing outer hits > 3

Figures 6.11, 6.12 and 6.13 show the cut flows for signal events with var-
ied masses and lifetimes. It is possible to notice some interesting points on the
behavior of the requirements” efficiency: for the lower lifetime, the track require-
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Figure 6.9: Tracks E,, distributions. Shown are events from SM and signal MC
simulations that passed the disappearing tracks selection without the criterion on
the variable under study. Each signal region bin is being plotted: njayers = 4 (top
left), 5 (top right), >6 (bottom). 2022 samples were used to produce the images.
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Figure 6.10: Tracks Noufer hits distributions. Shown are events from SM and signal
MC simulations that passed the disappearing tracks selection without the criterion
on the variable under study. Each signal region bin is being plotted: #jayers = 4
(top left), 5 (top right), >6 (bottom). 2022 samples were used to produce the
images.
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ments decrease the efficiency substantially, given that shorter chargino tracks
are more unlikely to be reconstructed; while for the longer lifetime, the crite-
rion min ARk muon > 0.15 exhibits a large drop in efficiency, given that longer
chargino tracks are more likely to get to the muon chambers and be identified
as muons. Also, in the latter case, the longer tracks would have small N&‘I‘;‘;r hits,
For completeness, Figure 6.14 show the efficiencies for the complete disappear-
ing tracks selection applied over the full mass/lifetime space using wino-like
charginos, for the three 71,y categories. Even though the difference is subtle, it is
possible to notice that the region with higher efficiencies, concentrated at higher

chargino masses, changes for higher lifetimes with increasing nyyers.

6.3 Background Estimation

In this analysis, the background estimation is completely data-driven and
depends on modeling the detector misreconstructions, since no particle in the
standard model can mimic a disappearing track. There are two main sources:

non-identified charged leptons and spurious tracks.

6.3.1 Charged Leptons

High-pr isolated leptons can be misidentified as such and leave only an isolated
track signal. If its energy deposit in the calorimeters is also small and it misses
outer hits, it is a perfect match to the disappearing track signature. To estimate
this possibility, equation 6.2 is used:

l

l N, ctrl
Nest = ] Pyeto Pottline triggers (6.2)
trigger

where N/, is the amount of events passing the single lepton control region selec-

l
trigger

triggers used to estimate N é

tions defined below, € is used to correct the efficiency of the single lepton

1> Pveto is the probability for the leptons not to be
identified as leptons, Poline is the probability for the events with non-identified
leptons to pass the basic selection offline pIT“iSS requirement and Pyigger is the prob-

ability for these events to pass the signal HLT paths.

Each lepton flavor selection for the control regions can be found in Tables 6.12,

6.13, and 6.14. The requirements select events with an isolated single lepton, an
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Figure 6.14: Overall efficiency of the full disappearing tracks selection as a function
of chargino mass and lifetime (left column), and the overall efficiencies for ct =
100 cm (middle column) and My = 1000 GeV (right column), as a function of

the remaining variable. Shown are the 1jayers = 4 (top row), Njayers = 5 (middle

row) and fjayers = 6+ (bottom row) categories. The m

v = =100 GeV, ct = 10000 cm

sample had 0 yield in the 71j,yers = 4 category, and the top left corner of the top left
image had no entries. 2022EE samples were used to produce the images.
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isolated track, and a high pt hadronic jet. Because of the search region binning,
this is performed for the 4, 5, and 6 or more tracker layers with measurement of
the selected track.

Table 6.12: Criteria defining the single-electron control sample. The selections are

applied sequentially, with only the objects passing a given selection being used in
further requirements.

quantity object selection
event passes SingleElectron/EGamma triggers
>1 electrons pt > 32GeV
>1 electrons || < 2.1
>1 electrons passes tight electron ID

exactly one passing electron chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track selected in isolated track selection matched to selected electron within AR < 0.1

Table 6.13: Criteria defining the single-muon control sample. The selections are

applied sequentially, with only the objects passing a given selection being used in
further requirements.

quantity object selection

event passes SingleMuon triggers

>1 muons pt > 26 GeV
>1 muons |y] < 2.1
>1 muons passes tight muon ID

exactly one passing muon chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track selected in isolated track selection matched to selected muon within AR < 0.1

Probability to Pass the Lepton Veto

To calculate Pyeto, the same tag-and-probe selection of Tables 6.8 and 6.9 is used
for electrons and muons, with the change that they now use the fiducial maps for

the inefficiency regions, and for taus, the tag-and-probe selections are defined in
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Table 6.14: Criteria defining the single-tau control sample. The selections are
applied sequentially, with only the objects passing a given selection being used in
further requirements.

quantity object selection

event passes Tau triggers

>1 taus  pr > 50GeV
>1 taus |y]| <21
>1 taus  passes hadronic tau ID

exactly one passing tau chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track selected in isolated track selection matched to selected tau within AR < 0.1

Tables 6.16 and 6.17. A requirement on the transverse mass® of the tag-and-probe
objects is set to reduce the contribution of W+jets events with the W decaying
leptonically. The vetoes the probe tracks are subjected to are more constraining
and are defined in Table 6.15. Py, is then defined as the following;:

veto __ pyveto
N T&P N T&P, SS

7
Ntgp — Nt1gep, ss

Pyeto = (6-3)
where the SS subscript refers to tag-and-probe pairs of the same sign electric
charge. The subtraction of those events is to remove background contributions
coming from events that should not add to the Z boson events. The values of the
number of events used in the calculation of Pyet, Obtained for each lepton flavor in
the four data-taking periods considered in this search are shown in Table 6.18.

miss,

Probability to Pass the Offline p7 " " Requirement

Poteiine 1s estimated from the single lepton control region events as the proba-
bility of a non-reconstructed lepton to pass the |A®(leading jet, pT "M > 05

m

and py SSMOK S 120 GeV requirements. It is determined as a ratio, where the
denominator is the number of events passing the respective lepton control region
selection, and the numerator applies the criteria above. An extra assumption is

that, if the leptons are not correctly reconstructed, they will not account for any

3The transverse mass is defined as My = \/ 2pmisspl (1 — cos ¢), where ¢ is the angle between
the lepton and the missing transverse momentum.
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Table 6.15: Lepton vetoes applied over tag-and-probe samples to estimate Pyeto.

flavor =~ quantity object selection

>1 tracks min ARack electron > 0.15
electron >1 tracks Ecalo < 10GeV

>1 tracks missing outer hits > 3
uon >1 tracks m%n _ARtrack,muor} > 0.15

>1 tracks missing outer hits > 3

>1 tracks min ARyack had. tau > 0.15
tau >1 track-jet pairs  ARyrackjet > 0.5

>1 tracks Ecalo < 10GeV

>1 tracks missing outer hits > 3

Table 6.16: Criteria defining the tau tag-and-probe sample with an electron tag.
The selections are applied sequentially, with only the objects passing a given
selection being used in further requirements.

quantity object selection
event passes SingleElectron/EGamma triggers
>1 electrons pr > 32GeV
>1 electrons In| <21
>1 electrons passing tight electron ID
>1 electrons Mr(piiss, electron) < 40 GeV
>1 tracks pr > 30GeV
>1 tracks passing fiducial selections
>1 tracks number of pixel hits > 4
>1 tracks missing inner hits = 0
>1 tracks missing middle hits = 0
>1 tracks rel. PF-based iso. < 0.05
>1 tracks |dxy| < 0.02cm
>1 tracks |dz| < 0.5cm
>1 tracks min ARyack electron > 0.15
>1 tracks min ARyack muon > 0.15
= track-electron pairs 15GeV < Mz — Mirack electron < 50 GeV
= track-electron pairs  Girack * Jelectron < 0
>1 track Niayers > 4 (three signal region bins)
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Table 6.17: Criteria defining the tau tag-and-probe sample with an muon tag. The
selections are applied sequentially, with only the objects passing a given selection

being used in further requirements.

quantity object

selection

event passes SingleMuon triggers

muons
muons

muons

muons

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks
track-muon pairs
track-muon pairs
track

pr > 26 GeV

In| <21

passing tight muon ID
Mr(piss, muon) < 40 GeV
pr > 30GeV

passing fiducial selections
number of pixel hits > 4
missing inner hits = 0
missing middle hits = 0
rel. PF-based iso. < 0.05
|dyy| < 0.02cm

|dz| < 0.5cm

min AR’crack,electrom > 0.15
min AR¢rack muon > 0.15

15GeV < My — Miackomuon < 50 GeV

Atrack * Ymuon <0

Mayers > 4 (three signal region bins)
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Table 6.18: Components used in the estimation of Pyeto, and its value. Nygp (N}’gf})
and Nsgrep (N&Fe.p) are the numbers of passing tag-probe pairs from the events
in the nominal and same-sign tag-and-probe selections, respectively, before (after)

the final vetoes are applied to the probe track.

run period  flavor  fjapers  Nrer  Nygp Nsstar NE§Tep Pyeto
4 33198 16 2193 16 (0.0755) x 1074
2022CD  electron 5 83475 2 1832 2 (0.0732) x 1073
>6 1135112 18 3817 0 (1.6 £0.4) x 1075
4 55 27 18 15 0.340.2
2022CD  muon 5 23 2 6 4 0.015.0¢7
>6 1866959 1 64 1 (0.0778) x 1077
4 48 11 24 15 0.0750%
2022 CD tau 5 51 1 11 3 0.0750%
>6 3133 0 491 0 (0.0755) x 1074
4 66548 47 4615 42 (8.1155%) x 1075
2022EFG  electron 5 172270 12 4318 8 (24727) x 107°
>6 2425839 32 8064 0 (1.3£02)x107°
4 200 87 86 75 0.140.1
2022EFG ~ muon 5 104 15 26 20 0.0100"
>6 5264285 2 207 0 (3.8+£2.7) x 1077
4 95 21 36 20 (1.771%) x 1072
2022 EFG tau 5 102 5 9 2 (32157) x 1072
>6 439 2 700 0 (5.4733) x 1074
4 58118 32 4222 35 (0.0735) x 1073
2023 C electron 5 166567 19 4453 10 (56+33)x107°
>6 2380183 34 8473 2 (1.3£0.3) x 1075
4 179 92 86 81 0.127533
2023 C muon 5 110 18 18 15 0.0375.5%
>6 4047502 3 149 1 (49449)x1077
4 92 25 37 55 0.070 0%
2023 C tau 5 126 10 32 15 0.05912
>6 6822 1 1139 0 (1.8%27) x 10~*
4 28627 16 2134 24 (0.0%53) x 107°
2023 D electron 5 82860 9 2275 9 (0.0753) x 1073
>6 1233525 4 4315 1 (244+18)x107°
4 108 55 62 60 0.075:07
2023 D muon 5 71 17 18 16 002756
>6 2195110 2 111 0  (91+64)x1077
4 70 28 35 25 0.091030
2023 D tau 5 53 5 19 8 0.075%°
>6 329 0 599 2 (0.0732) x 10~*
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pIiss g0 its py is summed to the event pi** as in Equation 6.4 below (only for

electrons and taus, since the muon pr is already removed from piss):

miss, no mu —miss, no mu =]
Pt — |p7 + Prl- (6.4)

The needed number of events are extracted from 2D plots of the control region

A®(leading jet, p~ > "M and pr > ¥ variables, as shown in Figure 6.15, where

&Jet Pr Pr gure

the red lines represent the offline requirements over the modified p7 " /. Onl
P q Pt y

the single electron control region is shown due to its larger statistics in all three

Nlayers Categories.

Probability to Pass the pT*® Triggers

Piigger is derived from the events that passed conditions above and the signal
trigger paths. The paths’ efficiency €(x) is defined as the probability of events
from the single lepton control region to pass the triggers, and is used together

with the p™ " ¥ distribution of single lepton events 71(x) to determine Pirigoer as:
Pt gle lep g8
o
_ Jiogev(x)e(x)dx
Ptrigger - ) (6-5)
J120 Gev M%)

m

The signal trigger efficiency and the p; %101 distributions for the electron
flavor are shown in Figures 6.16 and 6.17, respectively. Only the single electron

control region is shown due to its larger statistics in all three .5 categories.

Single Lepton Trigger Efficiencies

A final consideration in the normalization of the lepton background estimates
is that the trigger requirements in the single lepton control regions may not be
completely efficient. This leads to the underestimation of the number of events
with charged leptons, and Nitrl is corrected by dividing by the measured single
lepton trigger efficiency for each flavor. The trigger efficiencies are measured
using the tag-and-probe samples defined in Tables 6.8, 6.9, 6.16, and 6.17, with the

additional requirement of the probe track having pr > 55GeV. In these samples,

1
trigger”’

matched within AR < 0.3 of an HLT object of the appropriate path for the flavor
under study. Applying the same-sign subtraction technique as used for Pyeto:

the trigger efficiency, e is defined as the probability for a probe track to be
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Figure 6.15: p7 """ vs. |Ad(leading jet, py )| of events in the single elec-

tron control region with f1jayers = 4 (tOp), Mayers = 5 (middle), and npayers > 6

(bottom), with the 2022EFG data set. Left (right) images show the p?iss’ oK dis-

tribution with the pt of the electron counted as visible (invisible). Red lines are
miss, no y miss, no y

drawn where the offline p and |A®(leading jet, py )| thresholds are
set in the signal selection. Py is determined as the ratio of events falling in the
upper right region to the total number of events.
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Figure 6.16: Efficiency of the p*s triggers as a function of p?i measured with
events in the the single-electron control region with #jayers = 4 (top), Mayers = 5
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2022EFG data set (rlght)
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Figure 6.17: Projections of p?iss’ "°F distributions from Section 6.3.1 used in the
estimation of Pyigger- In the electron and tau cases, the distributions are modified
by considering the lepton pr as invisible. Events from Figure 6.15 that passed

miss, no y

|Ad(leading jet, py )| > 0.5 are projected onto the x-axis, and the resulting

distribution is multiplied by the trigger efficiencies. After the py " " > 120 GeV
selection, the relative area of the projections gives Pyigger- Images show events
in the 71ayers > 6 signal with the single electron selections for 2022CD (left) and
2022EFG (right).
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Nmatched __ pnymatched
1 _ "'T&P pr>55 SS T&P pr>55 6.6
etrigger - N — N. ( ’ )
T&P pr>55 SS T&P py>55
matched matched
N.

where Nrgp pr>55 (NTGp pT>55) and Nss T&p pr>55 (NSSrap pT>55) are the numbers
of passing tag-probe pairs from the events in the opposite- and same-sign tag-and-

probe selections with the probe track having pr > 55 GeV, respectively, before
(after) requiring that the probe track is matched to the appropriate HLT primitive.

Additionally, in the case of the single tau lepton trigger, an extra factor is
included due to the lack of a p1 ~ 50 GeV path in the Tau dataset. The option sug-
gested by the dedicated CMS group was to utilize the path HLT_IsoMu20_eta2pl-—
_LooseDeepTauPFTauHPS27_eta2pl_CrossLl, which selects events contain-
ing an isolated muon and a PF tau, from now on referred to as muon + tau path.
However, this introduces the constraint in N, that would be measured only
if a muon was contained in the event. To estimate the single tau-only amount
of N}, events, a scaling related to the usage of this path was applied using the
efficiency of the single muon path HLT_IsoMu20_eta2pl, from now on referred

to as muon path, to estimate the following ratio:

Efficiency of muon + tau path  €,4+

V' muon + tau —

6.7
fau Efficiency of muon path €u ©7)

Given that the efficiency of the muon + tau path is already included in the estima-
tion of N, the scaling of N, , is performed by multiplying it by 1/e,.

Closure tests in simulated events

A closure test is performed to evaluate the lepton background estimation
approach with simulated event samples corresponding to the 2022 conditions.
Due to the restricted number of events satisfying the full search criteria, the test is

executed under slightly relaxed selection requirements:

e all jet-related selections are omitted from the basic selection (see Table 6.6)
¢ the track pr threshold is reduced from 55 GeV to 35 GeV (refer to Table 6.7)
for electrons and muons

¢ the final criterion on missing outer hits for tracks is excluded (see Table 6.11)

The first two changes are applied to the single-lepton control regions used to derive
N

;> and the removal of the missing outer hits requirement is done to the vetoes
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within the lepton tag-and-probe samples (see Table 6.15). The quantity Pyet, for
each lepton type is subsequently extracted from the Z—11 datasets. Additionally,
the final modification involves making use of the truth-level information present
in the selected (observed) events to assign a lepton flavor to each selection, thus
enabling each flavor comparison.

Except for the measurement of Pyt in the Z—11 datasets and the changes to
the selections, the closure test is executed on simulated tt events following the
same methodology as applied to data. The tt sample is chosen for this study due
to its highest raw event count passing the modified selection, while contributions
from other sources are negligible in comparison. The estimated and observed
values of this validation are shown in Table 6.19.

Table 6.19: Lepton background closure test results using 2022 simulated tt events.
The selection criteria are relaxed with respect to the one used over data. The
numbers of events are normalized to 34.7 fbfl, the luminosity of the 2022 data set.

Mayers flavor Nést N(l)bs | Nest = Nops| /0(NLgp)
electron 0.08*011  0.070Y 0.61

4 muon  0.017507 0.08+0.07 1.00
tau 0.07100¢  0.16 +0.08 0.94
electron  0.0100*  0.04700% 0.55

0.03 0.06

5 muon 0.02}8% 0.043000074 0.33
tau 0.08705  0.0M9% 0.53
electron 0.0f8:87 0.041“8:82 0.42

> 6 muon  0.0%00° 0.08+0.07 0.74
tau 0.0750%  0.047005 0.57

Background Estimation

In Tables 6.20, 6.21, and 6.22, the values of all quantities mentioned above
are displayed for the distinct lepton flavors and in the distinct SR regions. It is
possible to notice that the amount of expected background events is very small.
This is since this mainly comes from detector reconstruction failures in a detector
that can reconstruct leptons with very high efficiency, and the very specific and
constraining characteristics of the disappearing tracks signature.
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Table 6.20: Background estimates in the electron control region for each 71),yers cate-
gory. Shown are the values of each variable in Equation 6.2, with the uncertainties
being statistical only. Values of Pogfine and Pyigger for the combination of the njayers
categories are included, given that systematic uncertainties for the muon and tau
estimates have limited statistics and the electron samples are used.

electron background
run period layers e{rigger Nltrl Pyeto Potline Prrigger estimate
4 0.751+£0.031 2896+ 54 (0.0738) x107%  0.644+0.019 0370+£0.048 007507
2022CD 5 0.856 +£0.018 8121 +90 (007285 x 107> 0.655+0.012 0425+0.033  0.0700°
>6 0912+£0.004 197621445 (1.59+£0.38) x 107>  0.724+£0.003 0402£0.006 1.01+0.24
combined  0.906 +0.004 208638 £457 (1.45+059) x 1075  0.721+0.002 0405 0.006 0.97 +0.40
4 0.683+£0.019 758887 (8.077332°) x 107> 0.635+£0.012 0476+0.034 027703}
20MEFG D 0.835+£0.011 21858148  (2.387555) x10™°  0.645+£0.007 0.500£0.021 020753
>6 0.89540.003 5633024751 (1.324023) x 107> 0.7124+0.001 0509 £0.004 3.0240.53
combined  0.8884+0.003 592748 770  (1.5540.45) x 107> 0.708+£0.001  0.509 £ 0.004 3.73 4 1.08
4 0.691+0.021 4625+ 68 (00%21)x 1075 0.634+0015 0501+0045 00700
2023C 5 0810£0.012 13715+£117  (5.55£3.32) x 107>  0.657+£0.009 0491£0.024 0.30+£0.18
>6 0.883£0.003 377059 £614 (1.35£0.25) x 107>  0.710£0.002  0.531£0.005 2.17 £ 041
combined  0.877£0.003 395399 £629  (1.47+0.44) x 1075 0708 £0.002  0.530£0.005 2.49+0.75
4 0.679£0.029  2155+46 (0.0733) x 107> 0.637£0.022 0428+£0.062  0.0759
2023D 5 0.806£0.018 6496 + 81 (0.0733) x 107> 0.651£0.013 0.504+£0.041 0075,
>6 0.884£0.004 189755+436 (244+1.82) x107® 0.698+0.003 0532:£0.008 0.19+0.15

combined  0.878+0.004 198406445  (0.0153") x1077  0.696+£0.002 0.532+£0.008  0.05(

Table 6.21: Background estimates in the muon control region for each 7,y cate-
gory. Shown are the values of each variable in Equation 6.2, with the uncertainties
being statistical only. Values of e%rig ers Poffline and Pyrigger for the combination of
the 71ayers categories are included, given that the n1,yers = 4, 5 categories have
limited statistics and the combined value is used instead.

muon background
run period  fljayers eirigger Nim Pyeto Potfline Prigger estimate
4 - 0.07)1 0.32£0.19 - - 0.07920
2022CD 5 - 00711 (0.0%670) x 102 - ) 0.0750°
>6 0940004 168145410  (0.07738) x 1077  0.766+£0.003 0.655+£0.004  0.0750")
combined 0.94+0.004 168145+410 (536+3.79) x 107  0.766+0.003 0.655+0.004 0.48+0.34
4 - 20+14 0.11+0.11 - - 0127943
1.46 - 0.02
2022EFG O - 20+14 (0.075:3%) x 1072 - - 0.0%99
>6 09440004 489703700 (3.80+£2.69) x 1077  0.745£0.002 0.696+0.003  0.10+0.07
combined 0.94:£0.004 489707£700  (L7172%%)x107®  0.745+£0.002 0.696+0.003  0.467072
4 - 1.0£1.0 0.127913 - - 0.071980
2023C 5 - 1.0£1.0 (3267538 x 1072 - - 0.02003
>6 0.94+£0.003 307476 £555 (4941+494) x1077 0.747£0.002 0.708£0.003  0.09=£0.09
combined 0.94+0.002 307478555 (3.95+£3.58) x 10°® 0.747+£0.002 0.708 £0.003  0.68 == 0.62
: B R
2023D 5 - 0.0, (1.8971'5") x 10~ - - 0.050
>6 0940003 1579344397 (9.11+6.44) x 1077  0.736£0.003 0.7214+0.005 0.08=£0.06

combined  0.94+0.003 157934+397  (0.0754°) x 107 0736+0.003 0721+0.005  0.050%
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Table 6.22: Background estimates in the tau control region for each 71,y category.
Shown are the values of each variable in Equation 6.2, with the uncertainties being
statistical only. Values of eirigger, Poffline and Pyigeer for the combination of the
Niayers Categories are included, given that the njayers = 4, 5 categories have limited
statistics and the combined value is used instead.

tau background
1

run period Nlayers Etrigger 7 muon + tau Nim Pyeto Potfline Prrigger estimate
4 - 0.013 30+17 0.000 - - 0070016
2022CD 5 - 0013  20+14 0.0750* - - 0.0+0.0064
>6 090+0.01  0.013 265+16  (0.07§0)x 107 0208+£0.031  046+0.1 0.070017
combined  0.90 + 0.01 0.013 270+16  (0.0%33) x10™*  0215+£0.031  047+0.1 0.0131
4 - 0.016 10+3  (1.6977%9) x 1072 - - 0.037088
J00EFG D - 0.016 215 (3.227555) x 1072 - - 0.1079 0
>6 090+0.01  0.016 902430  (5417390) x 107* 023540018  0.552+£0.060  0.1170%
combined  0.90+001 0016 933431  (1.567354) x 107 024040018  0.562+£0.061 033703
4 - 0.015 50+22 0.075% - - 007003
2023C 5 - 0.015 10.0+3.2 0.079012 _ i} 007002
>6 0.90 +0.01 0.015 530+£23  (1.767357) x107%  0.2574£0.025 0.581+£0.080  0.02750%
combined  0.90 £ 0.01 0.015 545+£23  (0.0739)x10™*  0261+£0025 0578+0.078 0.0759Y
4 - 0014  50=£22 0.0860219 - - 0.07582
2023D 5 - 0.014 6.0+24 0.0700% - - 0.070.9%
>6 090+£001 0014 290+17  (0.07¢2) x 107 026240034 0.580+£0.106  0.070 0
combined  090+001  0.014 301417 (0.0%55) x107*  0276+0.034 0569+0.102 00750

6.3.2 Fake Tracks

Spurious tracks, also known as fake tracks, are tracks reconstructed from hits
that come from distinct real particles. Their main features are: usually do not
come from the region close to the primary vertex, have missing inner hits in a
random pattern, have little calorimeter energy associated with the track, and have
a higher number of missing outer hits. The last two characteristics make these
tracks good disappearing tracks candidates, but which do not come from real
particles and need to be accounted for as a background. The estimation of the
number of expected fake tracks is also done with probabilities. In this case, the
amount of events that contain a fake track is compared with control events that
most definitely do not contain real disappearing tracks candidates using Equation
6.8 below:

fake __ raw basic
Nest - C ’ Pfake “Netrl 7 (6'8)

where Ngific is the number of events passing the basic selection defined in Table

6.6, and Pp, and { are defined below.
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The selections used to define control regions that are clean of disappearing
tracks candidates come from Z — uu and Z — ee selections, and are defined in
Tables 6.23 and 6.24, respectively. Given the higher distance from the primary
vertex, the fake tracks are further selected passing the disappearing tracks selection
(Table 6.11), but with the dy requirement "inverted", that is, instead of selecting
tracks within |dy| < 0.02 cm, the fake tracks are selected within the side-bands
0.05cm < |do| < 0.5 cm. P is then defined as the fraction of the number of
disappearing tracks in the side-band region that passed through the control region
selection, divided by the number of events in the control region, as shown in
Equation 6.9:

N(> 1 disappearing track in sideband | control region)

praw _ . 6.9
fake N(control region) ©9)

Table 6.23: Criteria defining the Z—pp control sample. The selections are applied
sequentially, with only the objects passing a given selection being used in further
requirements.

quantity object selection
event passes SingleMuon triggers
= muons pr > 26 GeV
=2 muons In| <21
=2 muons passes tight muon ID
=1 muon pairs  Jmuon * fmuon < 0
=1 muon pairs | Mmuonmuon — Mz| < 10 GeV

The amount of fake tracks is more pronounced in the 1j,ye,5 = 4 category, given
the large amount of missing inner, middle, and outer hits in this type of track. To
calculate the estimates for 5 and 6 or more bins, the transfer factor { is used, which

normalizes the signal region by the sideband region as:

05 )
0.05Ccrrr; fit d(|do|)

(=

(6.10)

where the fit is performed over the tracks’ |dy| distribution using a Gaussian +
constant function, in the range 0.1 cm < |dy| < 0.5 cm while fixing the mean to be
zero. Figure 6.18 shows the distribution of the |dy| variable for tracks with Nlayers
= 4 in the four data-taking periods that passed through the Z — up and Z — ee
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Table 6.24: Criteria defining the Z—ee control sample. The selections are applied
sequentially, with only the objects passing a given selection being used in further
requirements.

quantity object selection
event passes SingleElectron triggers
>1 electrons pr > 32GeV
=2 electrons pt > 25GeV
=2 electrons | <21
=2 electrons passes tight electron ID
=1 electron pairs  felectron * Jelectron < 0
=1 electron pairs | Mejectron electron — Mz| < 10 GeV

selections. The result of the fit is shown with the full line for each period/selection.

Closure tests in simulated events

To test the robustness of the methodology used to estimate the background
from fake tracks, a closure test is performed using simulated background events.
The procedure mimics that applied to experimental data in the Z—uu control
region, utilizing all SM MC samples. The result is then compared to the actual
count of events in these samples that contain a track passing the disappearing
track selection and that exhibits a separation of AR > 0.1 from any generator-level
particle with pr > 10GeV. This evaluation is performed individually for each
of the three 1),y categories, with the exception of the njyers > 6 region, where
the number of events is not enough for a relevant comparison. The results are
presented in Table 6.25. For every region considered, agreement is obtained within
2.20, excluding the systematic uncertainty associated with the fit used to derive
the transfer factor. The dy, distribution for tracks in the nj,yers = 4 control region

is illustrated in Figure 6.19, where the result of the fit is included in the image.

Background Estimation

In Table 6.26, there are the results for the estimated number of fake tracks. As
already mentioned, the number of fake tracks is largest in n,yers = 4, and decreases
to close to zero in njayers = 6 or more. This is expected due to the characteristics of
the fake tracks and the very constraining properties of a real disappearing track.
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Figure 6.18: |dy| distributions for 2022 (top) and 2023 (events) tracks that passed
the Z — up (left) and Z — ee (right) selections. The category considered is for
tracks with nj,yers = 4. The full lines represent the result of the Gaussian + constant
fit performed to extract (.

Table 6.25: Fake tracks background closure test results. Results of the closure test
for the fake track background estimate in 2022 simulated background events. The
uncertainties are statistical and do not include the uncertainty from the fit used to
extract the transfer factor.

Mayers ~ NIFe  Nfake |niske - Nigke| /o(Nfake)
4 78+1.6 73+5.0 0.1

5 23+09 03401 2.2
> 6 insufficient statistics
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Figure 6.19: Distribution of dyy for tracks in the 7nj,yers = 4 control region in 2022
simulated background events. The red line shows the result of the Gaussian +
constant fit to this distribution.

Table 6.26: Fake track event probabilities P, and estimations

est

Nfake gbtained

from events from Z—ee and Z— uu control regions, with the uncertainties being
statistical only. The mean value of the fake tracks estimate is taken from the Z—pupu
control region, while the difference of the Z— uu with the Z—ee values is used as
a systematic uncertainty, described in 6.5.1.

. Prake Nég%(e

run period - Tayers Z — up 7 — ee Z — up Z — ee
4 (393£237)x107° (4.194049) x 107® 528+£3.18 5.6340.66
2022CD 5  (440+£288)x1077 (2.874+1.28) x 1077 0.59+£0.39 0.39+0.17
>6  (31413%%) <1078 (5.74+£574)x 1078 0.04700;  0.08£0.08
4 (315£1.25)x107% (5.1740.31) x 107® 15.31£6.09 25.08 & 1.52
2022EFG 5 (440+£1.84) x1077 (6.67+1.13) x 1077 2.13+£0.89 3.24+055
>6 (1.69+137)x107% (1.91+1.91) x10°® 0.0840.07 0.09 4 0.09
4 (2794£1.64) x 107° (2.844+2.69) x 107® 821+£4.81 8.3447.90
2023C 5  (6.884£4.09) x 1077 (7.724+7.37) x 1077 2.02+£120 2274217

> 6 0.0755° x 1078 (1.587217) x 1078 0.070:03 0.0510:0¢
4 (424+£252) x107% (45342.32)x107® 6.62+£3.93 7.06+3.62
2023D 5  (1.09£0.66) x 107 (7.104+3.98) x 1077 1.70£1.03 1.1140.62
>6 (435+£4.01) x 1078 (1.334£1.02) x 1077 0.07£0.06 0.21+0.16
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6.4 Signal Corrections

To correctly estimate the number of expected signal events, a number of MC-to-
data corrections need to be included. In this analysis, four sources of corrections
were accounted for:

* Differences in the trigger efficiency from MC to data, given that the MC distri-
butions are more resolved and cause the turn-on curve to rise earlier/faster;

¢ Differences in the PU distribution, since the MC estimate does not always
match the one obtained from data because the LHC conditions can change
abruptly;

¢ Differences in the number of missing hits, given that the MC simulation is
always more "optimistic" than data;

¢ Differences in the ISR pt when comparing the distribution of this variable in
data and MC;

Apart from the missing hits probability, which is corrected by changing the MC
probability values to be closer to the data values and re-calculating the missing
hits amount, the other three corrections are applied via scale factors (SFs) from

data :
MC comparlsons.

6.4.1 Trigger Efficiency

To calculate the trigger efficiency, a few assumptions are made: all of the signal
paths’ rely on some type of pi%, so, to use SM events that are optimal for the
calculation and that are orthogonal to the signal data, i.e., that are not collected
using the pTiss paths, the single muon datasets are used (in MC, W — v samples
are used); the interesting region in the trigger efficiency is essentially the plateau
of the track pr, since that is the track pr requirement in the signal region selection.
To isolate this region, a set of base trigger selections that are defined in Table 6.27,
one of which is that p? > 55 GeV, are applied over the events used to measure the

trigger efficiencies.

In Figure 6.20, the efficiency of the logical OR of the signal trigger paths is
displayed for data and MC. The efficiency is calculated as a function of prTniss’ ner
and divides the number of events passing the triggers and the base selections, by
events that only passed the base selection. As already mentioned, the distinction

in the turn-on curve for data and MC is noticeable, since the MC efficiency tends
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Table 6.27: Base trigger selection used to select events used to measure the effi-
ciency of the signal region triggers.

quantity object selection

event passes SingleMuon triggers

>1 muons pr > 55GeV

>1 muons |7| < 2.1

>1 muons passing tight muon ID (see Table 6.4)
>1 muons missing inner hits = 0

>1 muons missing middle hits = 0

to rise earlier. The data over MC ratio provides the scale factors that are applied to
signal MC events. Figure 6.21 shows the difference in prTniSS’ "% for signal samples
of 100 GeV and 700 GeV wino-like charginos with ¢t = 10000 cm, before and after
applying the trigger correction scale factors. The signal yields are reduced by
~25% and ~15% for the 100 and 700 GeV charginos, respectively.

34.7 ™ (13.6 TeV) 27.8 ™ (13.6 TeV)
> lar 5 L4
S - OR of Signal Paths S = OR of Signal Paths
2 12 = o 2022 data g 12 - e 2023 data
w e W - IvMC w e W - IvMC
5 r 5 C
T 1;" """""""""""""""""""""""""" T l;"
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Figure 6.20: Efficiency of pi*® triggers with simulated W—lv and collected data
from the whole period of 2022 (left) and 2023 (right). The efficiency is plotted only

miss, no y

with respect to p , with the dependence on the track pt integrated out by
requiring pif*k > 55 GeV. The ratio between data and MC is shown in the subplot.
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Figure 6.21: Distributions of p with and without the trigger efficiency scale

factors for the 2022 period applied with no requirements needed. Simulated signal
events passing the triggers are plotted, with a 100 GeV chargino in the left plot
and a 700 GeV chargino in the right plot.

6.4.2 PU Correction

The scale factors of the PU correction are extracted from the PU distributions
of MC and data. In Figure 6.22, the PU distributions of MC and data for 2022 and
2023 are compared. Data PU distribution was extracted from muon datasets, and
MC PU distribution was extracted from W — v samples.

6.4.3 ISR p;

Correcting the pfrniss’ "% involves finding the ISR pr, since, in the disappearing

tracks signature, one recoils against the other. In data and MC, the ISR is assumed
to be recoiling against a Z boson, and the correction is estimated as the dimuon
pr from events that contain a Z boson and one high pr jet recoiling against the
pfrniss’ "%, The correction comes from the dimuon pr since its resolution is better
than the ISR pt and the pfrniss’ "1 Figure 6.23 shows the distribution of the dimuon
pr of the selected events. The data and MC ratio plot shows the scale factors that

are applied over the signal MC for this correction.
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Figure 6.22: Number of interactions distributions with the whole 2022 (left) and
2023 (right) data sets for experimental (black circles) and simulated (black lines)
samples.

6.4.4 Missing Hits

The number of missing middle and outer hits on candidate tracks is used to
discriminate against background sources. However, as seen in Figures 6.24 and
6.25, comparisons of events from the muon control region show that the simulation
does not model these missing hits accurately, particularly for tracks with three or
more missing outer hits, which define the search region. Events from collected data
sets show a higher probability of missing hits compared to simulation, especially
around six missing outer hits. This discrepancy comes from a mismodeling in the
track extrapolation between the TIB and TOB detector regions, where the TOB
has six layers that can contribute to several missing outer hits when extrapolation
fails.

While background estimates are drawn directly from experimental data and
are unaffected by this modeling issue, the signal selection efficiencies rely on
simulation and are therefore impacted. To address this, the missing outer hits
distribution in simulation is corrected by randomly removing hits at a rate tuned to
better match the experimental data. This correction aims to provide more realistic

estimates of the signal acceptance, improving the reliability of the results.
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Figure 6.23: pt of Z—uu candidates (left) and p; SRR (right) distributions with
events from the Z—up control region for collected and simulated data before the
ISR scale factors have been applied. The ratio plot shown below the pr(pu) plots
is used as the ISR scale factors applied to the simulated events. Shown are the
2022F (top) and 2023C (bottom) data sets.
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Figure 6.24: Uncorrected distributions of missing middle (left) and outer (right)
hits in 2022CD (top) and EFG (bottom). Shown are tracks from the muon control
region of collected data and simulated background processes. The Nmiddle —
requirement is not applied in the missing middle hits distributions.
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Figure 6.25: Uncorrected distributions of missing middle (left) and outer (right)
hits in 2023C (top) and D (bottom). Shown are tracks from the muon control
region of collected data and simulated background processes. The Nmiddle —
requirement is not applied in the missing middle hits distributions.
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The correction process involves determining four probabilities:

* Py = P(missing extra middle hit);

* Pore-TOB = P(missing extra outer hits);

* Prop = P(missing all TOB hits);

* Ppost-TOB = P(missing extra outer hits|missing all TOB hits).

P, is obtained by fitting the missing middle hits distribution from simulated
background events to experimental data without the usual Nmiddle = 0 require-
ment. A x> minimization method is used to choose the best-fit value.

The remaining three parameters are extracted simultaneously by fitting the
missing outer hits distribution with the N™idde = ( criterion applied. A grid search
across possible probabilities identifies the combination that minimizes the x? be-
tween simulation and data. Values for all the data-taking periods are displayed
in Table 6.28. The algorithms used to determine the probabilities are shown in

Appendix C.

Table 6.28: Values for the hit removal probabilities obtained by fitting the missing
middle and outer hit distributions from simulated background events to those dis-
tributions from 2022-2023 experimental data. These values are used to randomly
remove hits from the nominal hit patterns of tracks in simulated signal events.

Probability ~ 2022CD 2022EFG 2023C 2023D
Py 3.390 x 1073 5.340 x 1073 5.099 x 1073 4.828 x 1073
Prog 5344 x 107* 6.638 x 107% 8.907 x 10~* 8.898 x 10~*
Pore-TOB 2460 x 1073 3.986 x 1073 3.092 x 1073 4.271 x 1073
Poost-TOB 0.580 0.602 0.591 0.637

Applying these corrections significantly improves the agreement between the
simulation and experimental data, as illustrated in the updated Figures 6.26 and
6.27 for the 2022 and 2023 data sets, respectively. After correction, a systematic un-
certainty on the signal selection efficiencies is assigned to account for any residual

discrepancies, ensuring that the results maintain robust and reliable estimates.
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Figure 6.26: Corrected distributions of missing middle (left) and outer (right) hits
in 2022CD (top) and EFG (bottom). Shown are tracks from the muon control
region of collected data and simulated background processes. The Nmiddle —
requirement is not applied in the missing middle hits distributions.
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Figure 6.27: Corrected distributions of missing middle (left) and outer (right) hits
in 2023C (top) and D (bottom). Shown are tracks from the muon control region of
collected data and simulated background processes. The N™iddle = 0 requirement
is not applied in the missing middle hits distributions.
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6.5 Systematic Uncertainties

There are several systematic uncertainty sources, which can be divided into
two groups: the ones that affect the background estimations and the ones that
affect the signal events estimation. Background estimation sources are different for
both background sources and essentially depend on the methods used to estimate
the expected BG amount. For signal, the uncertainties are related to the scale
factors that correct MC — data, efficiency, and/or resolution of objects of interest,
veto efficiency, and more. The different sources are discussed in more detail below.

6.5.1 Background Estimation Systematics

The charged lepton systematics estimate relies on the assumption that a non-
reconstructed lepton contributes with no visible momentum to the p?iss’ "1 that
is, the expression in Equation 6.4 is not the correct approach. To attribute an
uncertainty to it, a scaled-down version (displayed in Equation 6.11) is used to
re-estimate Poffine and Pyigger- The 10 GeV that is subtracted from the lepton pr,
comes from the E_,;, < 10 GeV requirement for the candidate tracks in the search

(Potfine Pigger)scaled down g1 o6 s taken
(P offline 1 trigger)nominal

region. The difference of misreconstrcuted

as the uncertainty.

lepton
_miss,noy , PT —10GeV —lepton
pr - o et (6.11)
T

Tables 6.29 and 6.30 show the estimated uncertainties for the distinct signal region

bins in the electron and tau control regions, respectively.

Another source is considered for muons and taus in the categories n1ayers = 4
and 5. The calculation of Pyggine and Pyigger in these cases is done using the com-
bined category, i.e., Nljayers > 4, given the lack of statistics, which is not ideal. To
estimate this uncertainty, the values of Pygqine and Piigger With njzyers =4 and 5 are
compared to the 1,5 > 4 category using events from the electron control region.
The opposite of the difference between the distinct values are set as one-sided un-

certainties in the muons and taus estimates. Table 6.31 shows the calculated results.

The fake track systematic uncertainty comes from a possible dependence on the

probability of having a fake track in the distinct control regions, and an uncertainty
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Table 6.29: Estimated Pyggine and Pyigger using the nominal and scaled down

—miss, no Slepton
P + Pr

| distributions with events from the single electron control

region. The calculated systematic uncertainty is shown in the last column.

nominal scaled down

run period Mayers Potfline Puigger Potfline Puigger systematic uncertainty
4 0.644 +£0.019 0.370£0.048 0.566 +0.018 0.371 £0.048 11.8%
2022CD 5 0.655+0.012 0.425+0.033 0.583 +0.011 0.409 +0.031 14.5%
>6 0.7244+0.003 0.402+0.006 0.654+0.002 0.388 %+ 0.006 12.8%
4 0.635+0.012 0.476 £0.034 0.563 +0.011 0.465 £ 0.034 13.5%
2022EFG 5 0.645 £ 0.007 0.500 £0.021 0.574 +0.006 0.485 4 0.020 13.8%
>6 071240.001 0.509+0.004 0.642+0.001 0.493 +0.004 12.6%
4 0.634 £0.015 0.501 £0.045 0.5724+0.014 0.482+0.043 13.2%
2023C 5 0.657 £0.009 0.491 £0.024 0.589 +0.008 0.474 +0.024 13.6%
>6 0.710+0.002 0.531+0.005 0.6454+0.002 0.514 4+0.005 12.1%
4 0.637 £0.022 0.428 £0.062 0.580+0.021 0.412 £+0.059 12.3%
2023D 5 0.6514+0.013 0.504 +£0.041 0.587 +0.012 0.488 +0.039 12.8%
>6 0.698+0.003 0.5324+0.008 0.635+0.002 0.515=0.008 12.1%

Table 6.30: Estimated Pyggine and Pyigger using the nominal and scaled down

—miss, no _lepton
Pt + Pr

| distributions with events from the single tau control region.

The calculated systematic uncertainty is shown in the last column. For nj;yers = 4
and 5, there was not enough statistics, and the uncertainty was estimated using
the combined category.

nominal scaled down

run period Mayers Potfline P trigger Potfline P trigger systematic uncertainty
4 - - - - 3.1%
2022CD 5 - - - - 3.1%
>6 0.208+0.031 0.449+0.101 0.208+0.031 0.435 +0.099 3.1%
4 - - - - 0.3%
2022EFG 5 - - - - 0.3%
>6 0.2354+0.018 0.5431+0.059 0.238+0.018 0.534 +0.058 0.3%
4 - - - - 2.1%
2023C 5 - - - - 2.1%
>6 0.257+£0.025 0.58040.080 0.262+£0.025 0.556 +0.076 2.1%
4 - - - - 3.1%
2023D 5 - - - - 3.1%
>6 0.262+0.034 0.580+0.106 0.266+0.034 0.555+0.101 3.1%
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Table 6.31: Pygfline and Pyigger €stimated in the single electron control region in
categories Nayers = 4, Mayers = 5, and the combined case with nj,yers > 4.

electron background
run periOd nlayers P offline Ptrigger
4 0.644 +0.019 (—10.68%)  0.370 4= 0.048 (—8.64%)
2022CD 5 0.655 £0.012 (—9.15%)  0.425 £ 0.033 (+-4.94%)
combined 0.721 = 0.002 0.405 = 0.006
4 0.635+0.012 (—10.45%) 0.476 £ 0.034 (—6.48%)
2022EFG 5 0.645 + 0.007 (—8.90%)  0.500 £ 0.021 (—1.77%)
combined 0.708 + 0.001 0.509 + 0.004
4 0.634 +0.015 (—10.45%)  0.501 4= 0.045 (—5.47%)
2023C 5 0.651 +0.013 (—8.05%)  0.491 £ 0.024 (—7.36%)
combined 0.708 + 0.002 0.530 £ 0.005
4 0.637 +0.022 (—8.48%)  0.428 £ 0.062 (—19.55%)
2023D 5 0.651 +0.013 (—6.47%)  0.504 £ 0.041 (—5.26%)
combined 0.696 £ 0.002 0.532 £0.008

in the transfer factor . For the first source, the difference between the distinct
control regions is assigned as an uncertainty, and in the second, the uncertainty is
estimated by fluctuating the Gaussian fit parameter up and down by 1 ¢, and the
transfer factor is re-evaluated. Table 6.32 shows the estimated uncertainties for the

different sources and signal region bins.

6.5.2 Signal Selection Systematics

Most of the signal systematics calculated for the signal are related to corrections
from MC to data. All the corrections applied above get their systematics related
to the method used, and there are also uncertainties associated with the relevant
objects’ resolution/efficiency, such as jet energy, p™ss, E .10, lepton veto, and track
reconstruction. Also, an uncertainty in the estimation of the integrated luminosity
of the collected data is taken into account. For 2022, this uncertainty is estimated
as 1.4% [245], and for 2023 it is estimated as 1.3% [246]. These calculations are
performed by the dedicated CMS group.
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Table 6.32: Estimated systematic uncertainties on the fake track background esti-
mate.

uncertainty source

run period - Mayers control region transfer factor total
4 6.6% 76.0% 76.3%

2022CD 5 33.9% 76.0% 83.2%
> 6 100% 76.0% 125.6%

4 63.8% 46.0% 78.7%

2022EFG 5 52.1% 46.0% 69.5%
>6 12.5% 46.0% 47.7%
4 1.6% 182.2% 182.2%
2023C 5 12.4% 182.2% 182.6%
>6 166.7% 182.2% 247.0%
4 6.6% 113.8% 114.0%
2023D 5 34.7% 113.8% 119.0%
> 6 200.0% 113.8% 230.1%

Trigger Efficiency Correction

The uncertainty associated to the trigger efficiency comes from two sources:
the limited amount of data used to extract the scale factors, and the online re-
quirement on the number of hits of the isolated track in the xIsoTrk50x« paths,
npits > 5, which impacts the trigger efficiency for tracks with nj,yers = 4 or 5. To
extract the systematics for the first source, the efficiency calculated using MC and
data is varied up and down by one standard deviation, and the scale factors are
recalculated. The difference in the amount of observed signal events from the
central value is assigned as the uncertainty. The second source is estimated as the
ratio of the efficiencies in nj;yers 4 Or 5 with the 1,965 > 6 case (shown in Figure
6.28) convolved with the py """, to estimate the difference in selected signal

events, for every chargino mass/lifetime.

The combined systematic uncertainty on the trigger efficiency, averaged over
all chargino masses and lifetimes, is displayed in Table 6.33 for all data-taking
periods and 7ayers categories. The 2022 period also takes into account the source
mentioned in 4.3, where during 2022C an issue with the jet energy calibrations at
the L1T caused a decrease in efficiency in the HLT psS paths. This source accounts

for 0.6% of uncertainty that is summed in quadrature, given that, conservatively,
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Figure 6.28: Efficiency of pis triggers estimated with simulated signal events
with a chargino mass of 700 GeV. Each category is shown in the image: njzyers
= 4 (black), njayers = 5 (red) and npzyers = 6 or more (blue). In the subplot, the
ratio between the nj,yers = 4 (black) and njayers = 5 (red) with nayers = 6 Or more is

being plotted. Every chargino lifetime is considered, given that the chargino decay
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length does not affect the p of each event. Period 2022EE is shown.

the issue reduced the efficiency of these paths by ~10%, and it affected ~6% of
the collected data.

Pileup

Systematic uncertainty over PU is needed due to the assumption of the mini-
mum bias cross section, since it can be different from that of the data. The nominal
value used to extract the PU distributions in 2022 and 2023 is 69200 mb, with an
uncertainty of 4.6%. The uncertainty associated with this assumption is obtained
by varying the nominal value by 1 ¢, and extracting new PU corrections to the
signal, where the varied distributions are shown in Figure 6.29. The difference in
the signal yield is assigned as the uncertainty and is 2.9-6.4% on average.

ISR

Similarly to the above, the ISR assumption on the production mechanism for
pairs of LLPs is not known, so the scale factors associated with it are re-estimated,
varying the central values up and down by one standard deviation, and the new
SFs are used in signal MC. The deviation from the central value is assigned as an
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Table 6.33: Systematic uncertainties estimated for the trigger efficiency, the effi-
ciency turn-on curve and the total, for each of the data taking periods and #jayers
categories.

systematic uncertainty
run period  fjayers Efficiency Turn-on 2022C Issue Total

4 0.22% 0.76% 0.6% 0.99%
2022 5 0.19% 0.40% 0.6% 0.75%
> 6 0.21% — 0.6% 0.64%
4 0.20% 0.48% — 0.52%
2022EE 5 0.19% 0.44% — 0.48%
>6 0.23% — — 0.23%
4 0.49% 0.71% — 0.86%
2023 5 0.51% 0.56% — 0.76%
> 6 0.51% — — 0.51%
4 0.46% 0.71% — 0.85%
2023BPix 5 0.50% 0.65% — 0.82%
>6 0.50% — — 0.50%
13.6 TeV 13.6 TeV
E 20.045;
§0-045; e nominal E 0 04i e nominal
s B e scaled down s T ieg scaled down
8 0.04 scaled up A r scaled up
j2} C ©00.035—
800351 s
2 E 2 o0.03F
o 0.03- e -
§0.0257 EO.OZS;
z F z 0.02:—
0.02F E
0.015; 0'015?
0.01%— H 0-01;
0.005; _' S 0-0052* ,'. A
CE ‘q‘?uu‘uu‘\u\‘HTL‘}.“.‘-—L‘HH‘HH‘HH C: ‘jm\uuMm\uuhﬂz?;‘;"' (RTINS
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Number of interactions Number of interactions

Figure 6.29: Nominal (black circles) and scaled up (red dotted line) and down
(blue dotted line) pileup distributions for 2022 (left) and 2023 (right) data sets.
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uncertainty, where the average value for this uncertainty is 6.6-7.1%.

Missing Middle and Outer Hits

The uncertainty related to the modeling of missing inner and middle hits in the
simulation is assessed using three control regions. The first is the muon control
region, where the muon veto (defined in Table 6.15) is removed, and the second
and third combine events from Z—uu + 1, and Z—ee + T, selections, defined by
the Z—uu and Z—ee, while also requiring that the track passes the candidate
track selection with the tau veto (defined in Table 6.15) removed. These additional
regions provide samples more similar to the search region but still dominated by

background processes.

The Z 4 13, control regions are introduced because the presence of nearby
reconstructed muons can lead to additional track fitting iterations, potentially
improving hit-finding efficiency. As this effect might differ between simulated
and collected data, the Z 4 1), regions allow a more accurate study of these dis-
crepancies. These selections evaluate the efficiencies for meeting the NIMI¢f = ()
and Nmiddle =  criteria without applying the requirement initially.

miss

The systematic uncertainty is calculated by comparing efficiencies between
data and simulation, with the larger uncertainty (between the muon and Z + 1,
regions) chosen as the systematic assigned to the signal. In the muon control
region, the systematic is derived across all track categories with nj;yers > 6, while
in the Z + 13, regions, uncertainties are evaluated separately for different categories.
Table 6.34 lists the derived uncertainties, and Figure 6.30 shows a comparison of
data to simulation for the relevant distributions.

The modeling of missing outer hits is treated separately, focusing specifically
on distinguishing between true and accidental missing outer hits. True missing
outer hits originate from particles failing to reach the tracker’s outer layers, as
expected from signal events. Accidental missing outer hits, however, arise from
detector inefficiencies or reconstruction errors. Since muon tracks dominate the
muon control region and rarely exhibit true missing outer hits, the observed distri-

butions mainly represent accidental hits.

Given that true missing outer hits are well-modeled, the uncertainty estimation
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Figure 6.30: Number of missing inner (left) and middle (right) hits for tracks from
the Z + 7, control regions, without the NI"ter = 0 and N™iddle = 0 requirements.

Shown are the njayers = 4 (tOp), Miayers = 5 (middle), and nyaers > 6 (bottom)
categories for the 2022EFG data set.
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Table 6.34: Systematic uncertainties estimated for the missing inner and middle
hits selections with events in each of the data taking periods, 1,yrs categories and
control regions.

systematic uncertainty

inner middle
run period  Mjayers U Z+ 1 U Z+ 1
4 0.28%  ~0.00% 2.81% 2.86%
2022 5 028%  ~0.00% 2.81% 1.13%

>6 0.28% 0.89%  2.81%  2.05%

4 ~0.00% 0.03% 3.83% 1.59%
2022EE 5 ~0.00% 1.48% 3.83% 1.17%
>6 ~0.00% 0.65% 3.83% 3.35%

4 0.15% 1.78%  4.20%  5.88%
2023 5 0.15%  ~0.00% 4.20% 2.08%
>6 0.15% 0.57%  4.20% 0.12%

4 0.30% 202% 4.21% ~ 0.00%
2023BPix 5 0.30% 417%  4.21%  4.17%
> 6 0.30% 0.5%  421% 0.34%

focuses only on the accidental component. The signal yield depends on the

efficiency for a track to have at least three missing outer hits, as shown below:

>3 _ >3 =2 .>1 =1 . >2 , =0 >3

€77 = €hrue T Etrue " €acc. T Etrue “ €ace. T Etrue * €aces (6.12)
where el . (ehec) are the efficiencies for tracks to have p true (accidental) missing
outer hits. These efficiencies are estimated separately for simulated signal samples

and muon control region data.

The systematic uncertainty is assigned based on the relative difference in the
efficiency between experimental and simulated data. The resulting uncertainties
are often zero for many signal scenarios with 71j,yers = 4 and 5, and peak at 0.2%

for the nj,yers > 6 category.

Jet Energy Corrections

Jet energy corrections (JECs) are applied to the events to remove PU contribu-

tions, make the pt and 7 distributions more uniform, and to correct small MC to
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data differences, which also carries a systematic uncertainty with it. The uncer-
tainty on the energy scale is estimated by varying the pt of the jets in the event
by 10 on the cumulative jet energy corrections, and the difference of the varied
signal yield to the central value is assigned as the systematics. The uncertainty on
the jets” energy resolution (JER) uses two distinct methods: the scaling method,
which includes the following factor on the reconstructed jet pr:

) PTreco — pT,gen, (6.13)

CJER = 1+ (S]ER -1
pT,reco

where sjgR is a quantity measured by the dedicated CMS group, obtained as the
fraction of simulated and collected jets pr resolution; the second method is the
stochastic smearing, in which a random factor is used to scale the reconstructed

jets pr, using the sjgr:

cEr = 1+ N(0, U]ER)\/max(s]zER ~1,0), (6.14)

where N (0, ojgr ) is a standard Gaussian distribution of mean 0 and variance equal
to the square of the relative pt resolution measured by the dedicated CMS group.
To define a reconstructed jet as a well-matched jet, it has to have the following

properties when compared to a generated jet:

R
AR < E and |PT,reco - PT,gen‘ < 30]ECPT,reco/ (6.15)

with R = 0.4 jets’ anti-kT cone parameter. The uncertainty is assigned as the
difference in signal yield when using both methods to vary jets pr, and is 0.4-4.6%
on average.

miss

Pt

Given that pTiss is one of the most important objects in the analysis and is
subject to several uncertainties related to the sum of the pt of the visible objects,
its systematic uncertainty is determined by the variation of the pr of all visible
objects according to each object’s energy resolution, and the pis® of the event is
recalculated. The average difference for each of the varied objects pr is displayed

in Table 6.35. The relative change in signal yield is assigned as this systematic.
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Table 6.35: piss systematic uncertainty estimated from the variation due to dif-
ferent final state objects. The values are averaged over all charginos masses and
lifetimes. The variation of the electron energy scale is performed, but the change

miss

in p7%* is negligible.

average sys. uncertainty

type 2022 2022EE 2023 2023BPix
jet resolution, energy scale 0.3%  0.4%  0.2% 0.3%
tau energy scale 02% 01% 0.1% 0.2%
photon energy scale 1.5% 1.7% 14% 1.7%

unclustered energy scale  0.3%  0.2% 05%  0.4%

I-:"calo

On the same note, the calorimeter energy associated with the candidate tracks
is estimated using the energy of the closest calorimeter jet to it, and its systematic
uncertainty is determined as the difference in the variable when comparing data
with simulation. The variable distributions are extracted from the Z — up control
region for tracks with n1,yers < 4, since there is an excess of fake tracks, and the
energy on the calorimeter is expected to be uniformly distributed. The difference
in the efficiency of the E_,, selection when comparing data with MC is set as an
uncertainty, and the values for the distinct data taking periods are shown in Table
6.36. It is possible to notice that the systematic uncertainty for both 2023 periods is
very large. This is related to the very distinct PU distribution when comparing
MC with data in 2023 (see Figure 6.22), and the lack of a PU subtraction technique

in the estimation of E_,, with the Calo]Jets.

Table 6.36: Calculated efficiency of the E.,;, < 10GeV selection for tracks with
Nayers = 4 from the Z—pup control region in collected data and simulation. The
estimated systematic uncertainty is shown in the rightmost column.

eff. of Eqyle < 10GeV

run period systematic uncertainty

data simulation
2022 (89.9 + 1.3)% (87.8 + 2.9)% 2.3%
2022EE (86.8+£0.7)% (89.8+1.5)% 3.5%
2023 (86.7+0.9)% (70.5+1.4)% 18.8%
2023BPix (86.1+1.4)% (68.3+1.8)% 20.7%
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Lepton Veto

Another relevant point in the events’ selection is the lepton veto, that is, when
the isolated track is required not to be consistent with reconstructed electrons and
muons. An uncertainty is assigned to it, based on the scale factor extracted from
the efficiency of this requirement when comparing data with MC. Also, since the
dedicated CMS groups do not provide the scale factors for the working point used
in this analysis, a normalization with respect to the loosest approved working

point is used. The expression for the scale factor is the following;:

6‘data MC

€
veto loose
data _MC ’ (6' 16)

eloose veto

SF = (centrally measured loose ID SF) -

where veto stands for the working point used in this analysis, and loose, to the
loosest point approved centrally by the CMS experts. The MC efficiencies are
estimated in the signal samples search selection, and the data over the T&P samples
defined in Section 6.2.2, where the electron € is determined in the muon control
region, and the muon € in the electron control region to measure each value in

regions where the object vetoed is not abundant to guarantee the purity of tracks.

Tracks Reconstruction

Finally, the last uncertainty comes from the tracks’” reconstruction efficiency,
which is measured by the dedicated CMS group. The difference in the efficiency
when comparing data to Monte Carlo (as shown in Figure 6.31) is assigned as a
systematic uncertainty, and is 0.7% for both 2022 periods and 2023, and 2.0% for
2023BPix.

Summary

Tables 6.37 and 6.38 for the wino-like LSP case and Tables 6.39 and 6.40 for the
higgsino-like LSP contain the summary of every systematic uncertainty source
estimation. The values displayed in the tables are the average results over all
masses (100-1200 GeV for wino-like and 100-1000 GeV for higgsino-like) and
lifetimes (from 0.2 to 10000 cm of c7).
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Figure 6.31: Tracking efficiency measured with a muon tag-and-probe study by
the dedicated CMS group. The comparison between collected and simulated data
is performed as a function of muon pr (left), # (middle), and ¢ (right). Shown
are comparisons with data from 2022 (top), 2023 (middle), and 2023BPix (bottom).
Source: [243].
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Table 6.37: Summary of systematic uncertainties taken from 2022 simulation. The
values are the average of the results over all produced wino-like samples. The total
listed on the last line is simply the sum in quadrature of each of the individual
uncertainties.

average value

source of uncertainty run period Mlayers =4 Miayers =5 Miayers > 6
lew 2022 5.3% 4.9% 3.6%
piieup 2022EE 3.6% 3.9% 3.4%
ISR 2022 6.8% 6.8% 6.7%
2022EE 6.6% 6.7% 6.7%
. » 2022 1.0% 0.8% 0.6%
trigger efficiency 2022EE 0.5% 0.5% 0.2%
¢ eneroy scale 2022 2.0% 2.5% 2.3%
) gy 2022EE 0.8% 1.0% 1.9%
. . 2022 1.6% 2.0% 2.0%
jet energy resolution 2022EE 0.5% 0.6% 2.0%
i 2022 0.6% 0.3% 0.4%
Pt 2022EE 0.5% 0.5% 0.4%
- 2022 2.3% 2.3% 2.3%
calo 2022EE 3.5% 3.5% 3.5%
missing inner hits 2022 0.3% 0.3% 0.9%
2022EE ~ 0% 1.5% 0.7%
missing middle hits ZSSZZ‘EE g'zojo g'gojo égéo
. . 2022 ~ 0% ~ 0% 0.1%
missing outer hits 2022EE ~ 0% ~ 0% 0.2%
et 0 scale fact 2022 0.02% 0.01% 0.10%
epton veto scale factor 2022EE 0.05% 0.02% 0.01%
track reconstruction efficienc 2022 0.7% 0.7% 0.7%
Y 2022EE 0.7% 0.7% 0.7%
2022 9.4% 9.3% 8.6%

total 2022EE 9.2% 9.5% 9.6%
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Table 6.38: Summary of systematic uncertainties taken from 2023 simulation. The
values are the average of the results over all produced wino-like samples. The total
listed on the last line is simply the sum in quadrature of each of the individual
uncertainties.

average value

source of uncertaint
Y Mayers = 4 Mayers = 5 Mayers > 6

run period

e 2023 4.2% 5.2% 3.8%
prieup 2023BPix  4.4% 3.7% 3.9%
. 2023 6.9% 7.0% 7.1%

2023BPix  7.0% 71% 7.1%

. . 2023 0.9% 0.8% 0.5%
trigger efficiency 2023BPix  0.9% 0.8% 0.5%
A eneroy scale 2023 4.8% 3.1% 3.1%
] gy 2023BPix 0.8% 0.7% 1.4%
. . 2023 14.6% 3.0% 2.8%
jet energy resolution 2023BPix  0.4% 0.5% 1.3%

L 2023 0.4% 0.4% 0.4%
Pt 2023BPix 0.5% 0.5% 0.5%
. 2023 18.8% 18.8% 18.8%

calo 2023BPix  20.7% 20.7% 20.7%
T 2023 1.8% 0.2% 0.6%

8 2023BPix  2.0% 4.2% 0.5%
L . 2023 5.9% 42% 4.2%
missing middle hits 2023BPix  4.2% 4.2% 4.2%
. . 2023 ~ 0% ~ 0% 0.2%
missing outer hits 2023BPix  ~ 0% ~ 0% 0.1%
2023 0.03% 0.03% 0.02%
lepton veto scale factor 2023BPix  0.21% 0.03% 0.02%
. 2023 0.7% 0.7% 0.7%

track reconstruction efficiency 2023BPix 2 00 200 200
2023 21.5% 21.2% 20.9%

total

2023BPix

22.4%

22.3%

22.4%
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Table 6.39: Summary of systematic uncertainties taken from 2022 simulation. The
values are the average of the results over all produced higgsino-like samples. The
total listed on the last line is simply the sum in quadrature of each of the individual
uncertainties.

average value

source of uncertainty run period Mlayers =4 Miayers =5 Miayers > 6
lew 2022 4.8% 4.5% 3.1%
piieup 2022EE 5.0% 4.6% 4.0%
ISR 2022 6.8% 6.7% 6.7%
2022EE 6.9% 6.7% 6.7%
. » 2022 0.9% 0.8% 0.6%
trigger efficiency 2022EE 0.8% 0.6% 0.2%
ot ener | 2022 1.9% 2.4% 2.1%
Jet energy scale 2022EE 2.2% 1.5% 2.5%
. . 2022 1.7% 2.0% 1.4%
jet energy resolution 2022EE 1.7% 1.2% 2.1%
i 2022 0.5% 0.4% 0.5%
Pt 2022EE 0.4% 0.5% 0.4%
. 2022 2.3% 2.3% 2.3%
calo 2022EE 3.5% 3.5% 3.5%
missing inner hits 2022 0.3% 0.3% 0.9%
2022EE ~ 0% 1.5% 0.7%
missing middle hits ZSSZZ‘EE g'zojo g'gojo égéo
. . 2022 ~ 0% ~ 0% 0.1%
missing outer hits 2022EE ~ 0% ~ 0% 0.2%
et 0 scale fact 2022 0.01% 0.01% 0.10%
epton veto scale factor 2022EE 0.04% 0.02% 0.01%
track reconstruction efficienc 2022 0.7% 0.7% 0.7%
Y 2022EE 0.7% 0.7% 0.7%
2022 9.5% 9.5% 8.7%

total 2022EE 10.4% 10.0% 10.0%
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Table 6.40: Summary of systematic uncertainties taken from 2023 simulation. The
values are the average of the results over all produced higgsino-like samples. The
total listed on the last line is simply the sum in quadrature of each of the individual
uncertainties.

average value

source of uncertaint
Y Mayers = 4 Mayers = 5 Mayers > 6

run period

lew 2023 4.5% 4.1% 2.9%
piieup 2023BPix 6.4% 3.7% 3.4%
ISR 2023 6.9% 7.0% 6.8%

2023BPix 7.0% 7.0% 6.8%

. N 2023 1.5% 0.9% 0.5%
trigger efficiency 2023BPix  1.1% 0.9% 0.5%
ot enerey scale 2023 1.6% 1.5% 3.1%
) gy 2023BPix 1.3% 1.2% 3.0%
. . 2023 1.2% 1.3% 3.1%
jet energy resolution 2023BPix  1.1% 0.8% 2.4%

s 2023 0.6% 0.3% 0.6%
Pt 2023BPix 0.3% 0.8% 0.5%
- 2023 18.8% 18.8% 18.8%

calo 2023BPix  20.7% 20.7% 20.7%
icsing inner hite 2023 1.8% 0.2% 0.6%

& 2023BPix 2.0% 4.2% 0.5%

. . . 2023 5.9% 4.2% 4.2%
missing middle hits 2023BPix  4.2% 4.2% 4.2%
. . 2023 ~ 0% ~ 0% 0.2%
missing outer hits 2023BPix  ~ 0% ~ 0% 0.2%
2023 0.03% 0.03% 0.02%
lepton veto scale factor 2023BPix  0.03% 0.04% 0.02%
. N 2023 0.7% 0.7% 0.7%

track reconstruction efficiency 2023BPix 2 00 200 200
2023 21.6% 21.0% 21.1%

total

2023BPix

23.4%

23.1%

22.9%
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6.6 Results

The signal region data are still blinded at the time of this writing; expected
limits can be derived using the Asimov dataset under the BG-only hypothesis.
With the estimated number of background events, it is possible to set expected 95%
CLs upper limits on the production cross section of electroweakinos production in
the context of the AMSB model. Recall from Chapter 4 that this production arises
via the processes pp — Xli X{ and pp — X(l) Xli, occurring in an approximate ratio
of 1: 2. Upper limits on the total production cross section are estimated across a
grid of chargino masses and lifetimes.

The computation of these limits is done with the modified frequentist method,
often referred to as CLg [247, 248], specifically adopting the LHC-style CLs method
[249]. This technique utilizes a test statistic based on a profile likelihood ratio [250],
with nuisance parameters handled in a frequentist framework. The systematic
uncertainties related to the integrated luminosity and the signal selection effi-
ciency are constrained using log-normal distributions. Two distinct categories
of nuisance parameters address uncertainties within the background estimates,
assigned separately to each of the four background sources: uncertainties from the
finite size of control samples are constrained with gamma distributions, whereas
uncertainties related to statistical fluctuations in multiplicative factors and system-

atic background uncertainties, are modeled with log-normal distributions.

The expected limits on the cross section are displayed in Figure 6.32 as a func-
tion of the chargino mass for various chargino lifetimes. Figure 6.33 shows the
expected limits across the complete range of considered masses. The intersection
between the theoretical prediction and the expected upper limit on the cross sec-
tion is utilized to infer a constraint on the chargino mass for each chargino lifetime.
This procedure is repeated over the full range of chargino lifetimes to generate
a two-dimensional constraint in the plane of chargino mass versus mean proper
lifetime, shown in Figure 6.34. Wino-like charginos are expected to excluded up
to masses of 777 (405) GeV for lifetimes of 3 (0.2) ns. Higgsino-like charginos are
expected to excluded up to masses of 650 (354) GeV for lifetimes of 3 (0.2) ns.

By combining the results of this analysis with those obtained from the prior
Run 2 studies (2015-2018) [137, 138], the expected cross section limits displayed
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in Figure 6.35 are achieved, enhancing the expected exclusion reach to wino-like

chargino masses up to 904 (511) GeV for a lifetime of 3 (0.2) ns. In the combined

scenario, higgsino-like charginos are expected to be excluded up to masses of 762
(437) GeV for a lifetime of 3 (0.2) ns.
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Figure 6.32: Expected 95% CL upper limits on the cross sections for direct chargino
production as a function of chargino mass for various chargino lifetimes with a
purely wino-like neutralino. These are calculated from the combined 2022 and

2023 results.
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Figure 6.33: Upper limits at 95% CL on the cross section for direct chargino
production as a function of chargino mass and lifetime for a purely wino-like
neutralino (left) and a purely higgsino-like neutralino (right). The plot shows the
expected limits. These are calculated from the combined 2022 and 2023 results.
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Figure 6.34: Expected constraints on chargino lifetime and mass for a purely wino-
like neutralino (left) and a purely higgsino-like neutralino (right). The region to
the left of the curve is excluded at 95% CL. These are calculated from the combined
2022 and 2023 results.
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Figure 6.35: Expected constraints on chargino lifetime and mass for a purely wino-
like neutralino (left) and a purely higgsino-like neutralino (right), for the results in
2022 and 2023 combined with previously published results in 2015-8 (2017-8 only
for the higgsino-like neutralino) for the full Run 2+Run 3 results. The region to the
left of the curve is excluded at 95% CL.



Chapter 7

Discussion and Conclusions

Although the Standard Model successfully describes the dynamics of all known
elementary particles and accounts for three of the four fundamental forces, certain
phenomena remain outside its framework. One long-lasting mystery that has
challenged physicists and cosmologists for nearly a century is the existence of
missing matter in the universe, commonly called dark matter. Evidence suggests
the presence of a new, electrically neutral particle that is stable over cosmological
timescales and interacts only weakly with SM particles. If such a particle exists,
there is a possibility it could be produced in high-energy particle accelerators, such
as the LHC, and detected using experiments like the CMS detector.

A theoretical framework addressing new physics in the context of supersym-
metry is the AMSB model. In the cases where the wino- or higgsino-like neutralino
is the lightest supersymmetric particle, it becomes a possible DM candidate. More-
over, given its very small mass splitting with the chargino of the model, it can
produce the signature of a disappearing track in modern particle detectors. Pairs
of charginos or chargino-neutralino can be produced by the LHC and be studied
by CMS. The disappearing track signature is of particular interest because there

are no SM particles that can mimic this signal.

One issue with the disappearing track signature is related to the triggering of
events. At the L1T, the only way to select events of interest is if the produced pair
of electroweakinos recoils against an ISR parton. Also, at the HLT, even though
dedicated paths are deployed to capture the pTiss + isolated track signature, the
rate at which the events are collected is on the order of 5 Hz.

This work had two main objectives. The first was to solve two issues faced
by the reconstruction of HLT events, which were: harder maintainability, due to
code duplication, and an unwanted exclusive coupling between the software and

the currently deployed hardware accelerator devices. The second objective was
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to perform the analysis of 62.5 fb~! data collected by the CMS detector during
the early Run 3 (2022 and 2023) with a center-of-mass energy of /s = 13.6 TeV, to
search for a disappearing track signal. While performing the search, two main
changes to the analysis framework were studied and implemented: the production
of signal events using the MadGraph5 + Pythia8 combination, and the usage of
the MiniAOD data format with the change in the way the E_,, variable is used.

The modification of the HLT pixel tracks reconstruction to use the Alpaka
library benefits the whole CMS collaboration. As already mentioned, an improve-
ment in efficiency or timing is not observed or expected. The main impact of this
modification is opening up the possibility of more diverse processing/accelerator
devices and on the flexibility of the development of new algorithms for data pro-
cessing, while allowing for easy maintainability. These changes will improve the
capability of the collaboration to collect and analyze data in the future.

Given that the disappearing tracks search is still blinded by the CMS collabo-
ration, a statistical analysis of the estimated number of background events in the
signal region was performed. The results were interpreted in terms of exclusion
regions with 95% CLs. Considering the Run 3 data only, a wino-like chargino is
expected to be excluded up to a mass of 777 (405) GeV for a lifetime of 3 (0.2) ns,
while a higgsino-like chargino is expected to be excluded up to a mass of 650 (354)
GeV for a lifetime of 3 (0.2) ns. When combining this result to the previous Run 2
results, a wino-like chargino is expected to be excluded up to a mass of 904 (511)
GeV for a lifetime of 3 (0.2) ns, while a higgsino-like chargino is expected to be
excluded up to a mass of 762 (437) GeV for a lifetime of 3 (0.2) ns.

Even though this search was not completed, it served as a stepping stone for
the next version of the analysis. Some examples of improvements that will be
performed in the future version of this analysis are: usage of pTss and jets with
the PUPPI pileup removal algorithm; usage of machine learning algorithms for
identification of charged leptons, which will improve the veto of background
events, and fake tracks, to better classify tracks as true disappearing tracks or not;
and the combination of the results with more data, such as the 122.2 fb™! of pp

collision data collected during 2024.



Appendix A

Generation of LHC Hadronic Jets using
Generative Networks
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Abstract

In high energy physics, one of the most important processes for collider data analysis is the
comparison of collected and simulated data. Nowadays the state-of-the-art for data generation is in
the form of Monte Carlo (MC) generators. However, because of the upcoming high-luminosity
upgrade of the Large Hadron Collider (LHC), there will not be enough computational power or
time to match the amount of needed simulated data using MC methods. An alternative approach
under study is the usage of machine learning generative methods to fulfill that task. Since the most
common final-state objects of high-energy proton collisions are hadronic jets, which are collections
of particles collimated in a given region of space, this work aims to develop a convolutional
variational autoencoder (ConVAE) for the generation of particle-based LHC hadronic jets. Given
the ConVAE’s limitations, a normalizing flow (NF) network is coupled to it in a two-step training
process, which shows improvements on the results for the generated jets. The ConVAE+NF
network is capable of generating a jet in 18.30 £ 0.04 us, making it one of the fastest methods for
this task up to now.

1. Introduction

In the CERN Large Hadron Collider (LHC) [1, 2], approximately one billion proton—proton (pp) collisions
occur every second. Those collisions generate outgoing particles that are measured by dedicated,
custom-made particle detectors. The main data stream collected by such a detector is close to 1.4 kHz. After
the upcoming LHC upgrade to the high-luminosity LHC (HL-LHC) [3] this number will increase by a factor
of 3.5-5. In high energy physics (HEP), an important part of the data analysis is the simulation of pp
collisions that are used to test analysis techniques, estimate the particle detectors’ efficiencies and resolutions,
and make comparisons with collected data. Usually, the number of simulated events is an order of magnitude
higher than the number of recorded events in real data, such that the statistical uncertainty of the simulated
events does not dominate the overall uncertainty. For simulating collision data, Monte Carlo (MC) event
generators are used. However, the increased granularity of the detectors and the higher complexity of the
collision events after the HL-LHC upgrade pose significant challenges that cannot be solved by increasing the
computing resources alone [4].

One of the most common final-state objects in high-energy pp collisions is an energetic cluster of
hadrons, known as a hadronic jet [5]. Jets can be described by the features of their constituent particles,
mainly their four-momentum. The particle-flow [6] algorithm is used to combine information obtained by
several sub-detectors to precisely measure each particle’s properties. Jet clustering algorithms [7] can be used

© 2023 The Author(s). Published by IOP Publishing Ltd
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to cluster the particle constituents into a jet and obtain its relevant properties for physics analysis such as its
invariant mass, transverse momentum (pr), energy, azimuthal angle ¢, and pseudorapidity 7°.

Being able to accelerate the process of jet simulation in a particle detector would be of great advantage to
mitigate the needed overhead in computing resources. One of the avenues that shows promising results is the
use of generative machine learning (ML) algorithms to perform the jet simulation. The goal of this program
is to maintain the accuracy of MC methods while making the process orders of magnitude faster. Several
approaches using neural networks (NNs) have been studied and applied for this purpose, using generative
adversarial networks (GANSs) [8, 9], normalising flows [10], and score-based diffusion models [11, 12].
Another promising technique is the use of variational autoencoders (VAEs) [13], which have yet to
demonstrate high fidelity results.

In this work, a new method for the generation of hadronic jets from noise is presented. It is based on a
VAE coupled with a normalizing flow (NF) and trained in a two-step process. This technique opens up a path
to explore and further our expertise in generating point-cloud-like-objects in general, and in this paper we
focus on a possible application in HEP. The paper is organized as follows. Section 2 contains a literature
overview of ML applied to HEP, mainly focusing on generative methods for jets simulation. In section 3 the
dataset and the model are described. Section 4 details the custom loss function and the evaluation metrics;
results are presented and discussed in section 5. Finally in section 6, we summarize the work and give an
outlook for using the new method.

2. Related work

ML techniques have been applied to hadronic jets generation following several distinct approaches. Some of
the first attempts [14, 15] were performed using convolutional neural networks (CNNs) because of their
impressive results in computer vision and the fact that an image-like representation of a jet arises naturally
from the particle detectors’ data. For a similar reason, the use of CNNs for the simulation of calorimeter
showers [16—18] were explored. Other jet representations such as vectors of energy deposits in calorimeters
or high-level jet characteristics have also been studied [19, 20].

Recently, particle-based jet datasets have also been extensively used by the ML community in the context
of jets generation [8, 9, 13, 21]. They are composed of the jets constituent particles’ properties and give a
detailed description of particles distribution inside the jet, which is known as the jet substructure [22, 23].
GANs based on graph networks [8, 9] have provided inspiring results when aiming to generate particle-based
jets, retaining great similarity between generated jets and MC simulated jets while improving the speed of
simulation by 4 to 5 orders of magnitude depending on the number of particles inside the generated jet.
Some VAEs based on convolutional networks have also been implemented using the same dataset for jets fast
simulation [21] and for the jets generation as well [13]. However, for the latter, there is great room for
improvement when comparing the VAE generated jets with MC simulated jets.

The premise of this work is that the VAE by itself is not enough to capture the full characteristics of a
hadronic jet, mainly due to the a priori choice of the latent space distribution. On the other hand, a
combined VAE+NF approach, which has already been applied for image generation [24], time series data
prediction [25] and calorimeter shower simulation [26, 27], among others, has not yet been applied in the
context of hadronic jets generation. In this work, this combined approach is used to improve the generative
capacity of the VAE.

3. Dataset and model

We use the gluon HLS4ML LHC Jet dataset [28, 29] that is composed of ~177 k gluon jets, containing the jet
constituent particles’ three-momenta (py, py, p.). These were obtained from simulated pp collisions with a
center of mass energy of /s = 13 TeV that produced jets with pr & 1 TeV. A simplified particle detector
parameterization, similar to the apparatuses deployed by the large LHC experiments, is used to emulate the
detector response. The hadronic jets are reconstructed using the anti-kr algorithm [30, 31] with a distance
parameter R = 0.8. The 177 k samples are divided into ~70% for training and ~15% each for validation and
testing. Even though there is no intrinsic ordering to the particles inside a jet, the particles are ordered in a
list by decreasing pr and only the first 30 particles are used as input to the ML algorithm. If a jet contains less
then 30 particles, the rest of the list was filled with zeros (zero-padding). A feature-wise standardization was
performed to bound the values of the three-momentum to be in the range [0.0, 1.0] as input to the network.

5 In the LHC experiments, the origin of the right-handed coordinate system is the center of the local pp collision region, the y axis is defined
vertically upward, and the z axis is along the proton beam direction. Additional coordinates are the azimuthal angle ¢ and pseudorapidity
n = —Intan(6/2), where 6 is the polar angle.
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Table 1. Sequential layers of a representation of the encoder of the ConVAE model. The sizes of the Conv2D and Linear layers are given
as [input channels, output channels, kernel size[0], kernel size[1]] and [input nodes, output nodes], respectively. The decoder
architecture is an exact mirror of the encoder up to the last linear layer, using 2D deconvolution layers. An activation function is applied
after all layers, except for the last linear layer of the encoder. The activation function, number of filters, kernel size, linear size and latent
dimension size were obtained via hyperparameter optimization.

Layer type Size l
Input list [1, 3, 30] —
Conv2D [1, Niiters> 3, kernel size] 1
Conv2D [272 X Niters, 287" X Neers> 1, kernel size] 2
Conv2D [272 X Niters, 287" X Neiers> 1, kernel size] 3
Linear [272 X Niiers X (30 - (kernel size - 1) x (£ - 1)), linear size] 4
Linear [linear size, 2 X latent dimension size] —
Mean & Variance latent dimension size —
Latent vector latent dimension size —

3.1. Convolutional VAE

To accommodate this representation of the input dataset, the chosen model is a VAE [32-34] composed of
convolution layers (ConVAE). The VAE is composed of three components: (i) an encoder, which learns to
compress the representation of the input data into a lower dimensional representation, (ii) a latent space,
which stores this lower dimensional representation into values that closely follow a probability distribution
defined by the user, and (iii) a decoder, which decodes the latent space values to the output. The probability
distribution of the latent space values has to be differentiable, easy to implement, and easy to sample from.
The most common choice is the standard Gaussian A (0,1). The goal of the VAE is to produce output data
whose distribution is as similar as possible to that of the input data. In addition, it is desirable to be able to
generate new data samples resembling the training data by sampling from A(0, 1) and feeding those values
into the decoder.

The network was implemented in the PyTorch library [35]. In this work, the encoder and decoder
structures are mirrored, and only the encoder will be described. It is composed of a given number of
consecutive two-dimensional convolution layers where the last convolution layer is flattened and introduced
into two linear layers, where the latter is input into the latent space. An activation function is applied after
each layer, except for the last linear layer of the encoder. The input and output layers of the network have a
fixed size of 3x30. The activation function in between each layer, number of convolutional layers in the
encoder and decoder, kernel size, latent dimension size, number of filters, and number of nodes in the linear
layers between encoder (decoder) and the latent space are hyperparameters to be optimized. The activation
function of the last deconvolution layer of the decoder was chosen to be the sigmoid [36] function, to bound
the output values in between 0.0 and 1.0, given the feature-wise standardization.

In the encoder architecture, the number of input nodes of the first linear layer is fixed by the size of the
last convolutional layer, while the number of output nodes of the second linear layer is fixed as two times the
number of dimensions of the latent space to provide the means and standard deviations of the latent
distributions®. In the decoder architecture, the number of input nodes in the first linear layer is fixed by the
latent space size, and the number of output nodes in the second linear layer is fixed by the size of the first
deconvolution layer. The stride and padding of the convolution layers were kept as 1 and 0, respectively. The
first convolutional layer has 1 input filter and Ngyeers output filters, and the rest of the convolutional layers
have an input number of filters equal to 2¢~2 x Nfjers and an output number of filters equal to 2~ Nijers,
where / is the layer number. Using as an example an encoder of a ConVAE composed of three convolutional
and two linear layers, table 1 summarizes the sequential layers of the network.

At training time, the batch size was kept fixed at 100 samples and the Adam optimizer [37] was used with
a learning rate (LR) that was set by the hyperparameter optimization.

3.2. Normalizing flows
When the ConVAE is optimized for reconstruction, i.e. the importance of the reconstruction loss term
(detailed in section 4) is small, a looser constraint is applied to ensure the latent space values follow a given
probability distribution. In this case, the probability distribution of the latent space values, p(z), favors
optimizing the reconstruction rather than strictly matching an imposed prior. These reconstruction-imposed
latent space distributions are generally unknown and one cannot easily sample from them.

ANF [38, 39] is a transformation of a simple probability distribution (e.g. A/(0,1)) into a more complex
distribution (and vice versa) through a sequence of invertible and differentiable mappings usually learned by

6 A k.., the reparametrization trick [34].
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training a NN. Therefore, we can combine the ConVAE approach with a NF to find the transformation from

the more complex latent space distribution to a simpler one, such as p(z) N u(x) where u(x) = N (0,1).
Since these transformations are invertible by construction, it is possible to start from values that follow the
simple distribution, pass it through the inverse of the transformation and obtain values that follow the

complex and unknown distribution as u(x) I, p(z). The network is trained by maximizing the right-hand
side of equation (1).

Of(z
In(p(2)) = In(u(f(2))) +1n det<J;(Z)) , (1)
where 0f(z)/0z is the Jacobian of the transformation.
The NF network we use is based on the ReaNVP network” [40, 41] that makes use of simple analytic
expressions for each intermediate transformation
Yi:d = X1:d, (2)
Ya+1:0 = Xd1:0 - XP (s (x1:4)) + £ (x1:0) , (3)

using the coupling layers [42], where only a subset of the input data undergoes the transformations while the
rest remains unchanged, and the subsets are permuted every epoch to ensure that all input data goes through
the flows. The parameters s and t are obtained as the outputs of two multilayer perceptrons (MLPs), which
can be as complex as needed.

The NF network was implemented using the PyTorch library. The Adam optimizer was chosen to update
the network parameters by minimizing the negative of the mean of the expression in equation (1) as the loss
function. The LR, number of flows and the number of layers and nodes of the two MLPs that determine s and
t were hyperparameters to be optimized. The ReLU [43] activation function was used for each layer of the
MLPs, and for s the hyperbolic tangent was used after its last layer to constrain its values to be in the range
(—1.0,1.0). The number of input and output nodes of the s and # networks were set to match the number of
latent dimensions of the ConVAE.

4. ConVAE loss function and evaluation metric

To define a customized loss function for the ConVAE model, we adapt the standard VAE loss [32], which is
given by the expression:

L(0,¢) = —Eangy o [l0g po (x|2)] + Diw. (g4 (2Ix) [| (2)), 4)

where x is the vector of data values, z is the vector of latent space values, g, (z|x) the variational posterior
(i.e. the encoder), pg(x|z) the conditional likelihood (i.e. the decoder), and p(z) the prior distribution. The
first term on the right-hand side can be seen as the reconstruction loss Ly, measuring the distance between
the output produced by the network and the input data. The second term Dy, is the Kullback—Leibler
divergence [44] that measures the difference between the probability distributions of the encoder output
values and the latent space values. The distribution of the latent space values is defined a priori, and the
distribution of the encoder output values is one that is easy to work with, but still complex enough to
describe its output, where the usual choice is a multivariate Gaussian.

The minimization of this loss function ensures that the output will be as close as possible to the input,
while the values of the latent space closely follow the chosen distribution. In addition, one can add a
hyperparameter 8 [45] to control the importance of each term in the loss. The loss function can be written
as:

Lvag = (1 — B) Lrec + BDx0- (5)

The reconstruction loss term was customized to the task of particle generation. The loss function that
compares output particles with input dataset particles was chosen to be the Chamfer distance [46], also
referred to as nearest neighbor distance (NND). This loss function is preferred over the commonly-used

7 The implementation of the ReaNVP network in this work was performed following the GitHub repository https://github.com/ispamm/
realnvp-demo-pytorch.
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mean-squared error (MSE) function because it is permutation invariant, which is desirable since particles in
a jet have no intrinsic ordering. The NND loss is expressed as:

JNND _ Zk Z min D (p’,f]) + , minD (ﬁ,,ﬁ)] , (6)

iejkjejk TETiE€T}
where i and j are indices of the particles in the input and output samples, respectively, k is the index of a given
jet, Ji represents the k-th jet in the dataset, hat distinguishes between input (without) and output (with)

objects, and D(p;, p;) is the Euclidean distance between input and output particles, treating each as a vector
in (px,py,p-) space. The first term finds the closest output particle to a given input particle, the second term
finds the closest input particle to a given output particle, and their distances are summed.

The loss LNNP alone was not enough to provide good quality of the generated jets. Therefore,
physics-inspired constraints were included in the form of distances between the input and output jet
properties. The best results were achieved using a combination of the jet mass and pr terms using MSE as a
distance function. The additional loss term was added as follows

V=3 [1pMSE(pr,,pr,) +7mMSE (my, )] )

where the parameters ,, and +y,, were used to weight each contribution. Finally, the combined
reconstruction loss is given by

Liee = E aLNND + ’VL]] ’ (8)

anp,e(j\J) [
in which « and y were used to weight the importance of each contribution to the loss function and

g0 (J|J) represents the full VAE probability distribution from input to output. The full set of loss
parameters (@, 3,7, Yp, Ym) Was optimized via hyperparameter optimization.

The evaluation metric chosen to quantitatively measure the generation capabilities of the distinct models
was the earth mover’s distance (EMD) [47], or 1-Wasserstein distance, calculated for each histogram of the
input and output jets mass, energy, pr, 7, and ¢, and summed to get the EMDy,,,. The choice of the variables
was based on relevant quantities for jet-based searches in LHC experiments [48, 49]. This metric was used as
the hyperparameter optimization objective, the method to choose the best model, and to compare different
approaches.

The hyperparameter optimization was performed using the Optuna package [50], which allows for fast
convergence thanks to aggressive pruning based on intermediate results and easy parallelization. Each
ConVAE was set to go through 300 trials of the optimization, where each trial was executed for 300 epochs of
the training. The procedure was carried out in two steps. In the first, only the loss parameters and the
optimizer LR were optimized while the network parameters were fixed at some reasonable choices
established after manual tests. In the second, all the network parameters were optimized given the best set of
loss parameters. This was done to ensure convergence of the optimization procedure in a feasible amount of
time given the amount of resources available. During the optimization, the EMDy,,, was minimized using
the value evaluated on the validation dataset after every 5 epochs.

To combine the ConVAE with the NF network (ConVAE+NF), a two-step training was performed. First,
the hyperparameters of the ConVAE were optimized and the resulting best model was trained for
1500 epochs. The model with the smallest EM Dy, when comparing the input with reconstructed jets in the
validation dataset, calculated every 5 epochs, was saved. The latent space values of the saved network when
receiving as input the training and validation jet datasets were extracted to generate new training and
validation datasets for the NE. A diagram containing the full training procedure is displayed in figure 1.

The metric used to evaluate the combination of both networks as the hyperparameter optimization
objective was EM Dy, After every four epochs, Niyent values were sampled from N (0,1) and input into the
inverse of the NF network, whose output was given as input to the decoder of the ConVAE tuned for
reconstruction, and its output was compared with jets from the validation dataset. The optimization was run
for 300 trials with 20 epochs of NF training per trial. The best set of hyperparameters was used to train the
final NF network for 100 epochs, and the model that exhibited the smallest metric value, checked after every
epoch, was saved.

5. Results and discussion

5.1. Hyperparameter optimization
As described above, the hyperparameter optimization was performed using the Optuna framework and
executed in steps to speed up the convergence of the method given the limited computational resources. The
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Figure 1. Illustration of ConVAE+NF network training scheme.

Table 2. Set of common architecture hyperparameters for ConVAE loss parameters optimization.

Nlatent Filters Kernel Niinear Layers Act. Func.

30 50 5 1500 3 ReLU

Table 3. Ranges of common architecture hyperparameters for ConVAE loss parameters optimization. The choice of activation function
was also optimized, chosen from one of ReLU, GeLU, LeakyReLU, SELU or ELU.

LR a Y Ver Ym
107°-107" 0.1-1.0 0.1-1.0 0.8-1.2 9.986-14.98
Natent Filters Kernel Niinear Layers
10-300 5-100 1-8 100-3000 1-4

ranges considered for each hyperparameter during the optimization for both types of NN are shown below.
In the ConVAE case, the set of parameters to be optimized was: the LR of the optimizer (Adam), the loss
function parameters o, 3, ¥, Vp,> and v,,, and the architecture parameters as the number of latent
dimensions, number of filters, kernel size related to the number of particles to convolve, number of nodes in
linear layers, number of convolution layers, and activation function. For the 2D kernel size (k;,k;), only k;,
the number of particles to convolve, was varied, while k;, the number of particle features to convolve, was set
to 3 for the first (last) convolution (deconvolution) layer of the encoder (decoder) and 1 otherwise.

The ranges of the parameters 7, and ,, were determined by the dataset because jet pr and mass have
different scales, which imply different magnitudes for those loss components. The range for -y,, was set from
20% smaller to 20% larger than unity, while the range for ,, was set from 20% smaller to 20% larger than
the ratio of the mean of the jet pr and mass. For the loss function hyperparameter optimization, the network
architecture hyperparameters were fixed at the reasonable choices displayed in table 2. For both ConVAE
networks (ConVAE and ConVAE+NF approaches) almost all the ranges of the hyperparameters for the
optimization were the same, and are shown in table 3. The only exception was for the loss hyperparameter 3
that, due to the difference in the magnitudes of L, and Dxy, needed to be much closer to 1.0 for the ConVAE
tuned for generation, where the optimization range was [0.9, 1.0] in log scale, and much closer to 0.0 for the
ConVAE tuned for reconstruction, where the optimization range was [0.0, 0.1] in log scale.

Since the number of hyperparameters of the ReaNVP network is much smaller than for the ConVAE, its
hyperparameter optimization was performed only in one step. The set of hyperparameters that were
optimized was: the LR of the optimizer (Adam); and the network architecture hyperparameters as the
number of flows, number of linear layers for the s and + MLPs and the number of nodes in each layer of those
MLPs. For both the ReaNVP network used together with the ConVAE and the one used by itself, the ranges
of the hyperparameter optimization are shown in table 4.

5.2. Experiments
We experiment with three approaches: a baseline ConVAE-only model, the ConVAE+NF model, and
another baseline NF-only model. The final set of optimized hyperparameters for the former is displayed in

6
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Table 4. Ranges of architecture hyperparameters for the ReaNVP optimization. The number of nodes in each linear layer (Njjpear) is
optimized separately for each layer.

LR N flows LaYer S N linear

107°-107" 5-100 1-4 50-400

Table 5. Set of optimal hyperparameters for the ConVAE tuned for generation.

LR o 153 ¥ Vor Ym Niatent  Filters  Kernel — Njpeor  Layers  Act. Func.
6.1x1074 0.449 0.998 0.118 0.817 11.7 190 75 3 1100 4 ReLU
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Figure 2. Comparison of input jets variable distributions (yellow) with randomly generated jets from the ConVAE model (green).
From left to right, top to bottom: mass, energy, pr, 1, and ¢ distributions are displayed. In the subpanels, the ratio

generated/input is shown.

table 5, which result in an EMDyy,,, value of 0.0033. Figure 2 shows the comparisons of the distributions of
input and output jet mass, pr, energy, 1 and ¢ after hyperparameter optimization. Qualitatively, the
distributions of jet energy, n, and ¢ are very similar, with differences only at the extremes of the histograms,
while for pr there is a slight difference at the peak of the distribution and small discrepancies at both tails.
The greatest discrepancies are in the distributions of jet mass, where they are only similar in the approximate
range 80 GeV < mjer < 175GeV.

The complete sets of optimized hyperparameters for the ConVAE+NF model are displayed in tables 6
and 7, which result in an EM Dy, 0f 0.0026. The histograms of the jet variables are displayed in figure 3.

Based on the EMDy,y,, there is a large improvement in the generative capabilities of the ConVAE+NF
model compared to the ConVAE model. In particular, the agreement in the jet mass distribution improves
dramatically, with disagreement only for masses smaller than 25 GeV. However, there remain notable
deviations from unity in the 7, ¢, and pr histograms ratio between randomly generated and input jets.



10P Publishing Mach. Learn.: Sci. Technol. 4 (2023) 045023 B Orzari et al

Table 6. Set of optimal hyperparameters for ConVAE tuned for reconstruction.

LR « B ¥ Ypr Ym Niatent  Filters  Kernel — Njper  Layers  Act. Func.

53x107% 0425 0.046 0.121 1.15 11.8 180 50 2 3000 4 ReLU

Table 7. Set of optimal hyperparameters for the NF to be used on the ConVAE+NF approach.
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29x1074 55 4 [400, 350, 400, 400]
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Figure 3. Comparison of input jets variable distributions (red) with randomly generated jets from the ConVAE+NF model
(blue). From left to right, top to bottom: mass, energy, pr, 77, and ¢ distributions are displayed. In the subpanels, the ratio

generated/input is shown.

Table 8. Set of optimal hyperparameters for the NF.

LR Nﬂows LaYerS Nlinear

3.4x107* 65 4 [150, 200, 350, 150]

For comparison, a ReaNVP network was also optimized, in the same way as the NF network for the
ConVAE+NF approach, and trained to receive as input a flattened jet®, transform each feature distribution
into an uniform normal, and invert the transformation back to flattened jets. Table 8 contains the set of best
parameters after hyperparameter optimization for this network. The value of EMDy,p, for this case was
0.0049 and the histograms of jet variables are shown in figure 4. The agreement between the distributions
and the EMDy,,p,, are significantly worse than ConVAE+NE, demonstrating the advantage in combining the
inference capability of the ConVAE, with the invertibility of the NF network.

Following the work in [8, 51], another set of metrics was calculated and compared to the results obtained
using the state-of-the-art message-passing generative adversarial network (MPGAN) on this dataset. The

8 The input jet 3 X 30 feature matrix representing each particle’s py, py and p;, was flattened to a 1 X 90 feature vector containing all
particles’ py, then all p, and, finally, all p..
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Figure 4. Comparison of input jets variable distributions (grey) with randomly generated jets from the NF only model (purple).
From left to right, top to bottom: mass, energy, pr, 1), and ¢ distributions are displayed. In the subpanels, the ratio

generated/input is shown.

Table 9. Set of metrics proposed in [8, 51] to compare the performance of distinct ConVAE and NF approaches. In bold are the best
values of the metrics when comparing the methods implemented in this work. The last rows display the performance of the MPGAN
and EPiC-GAN for the same gluon jet dataset.

Model WM (x107%) WP (x107%) WEFP (%107%) FPND [0\%) MMD
ConVAE 9.140.6 8.5+ 0.8 576 + 1035 43.6 0.32 0.036
ConVAE+NF 45405 53+0.4 197 + 247 34.3 0.38 0.034
NF 12.7 £ 0.7 8.5+ 0.8 8.6k & 13.2k 93.6 0.38 0.033
MPGAN 0.7 +£0.2 0.9+ 0.3 0.7 +£0.2 0.12 0.56 0.037
EPiC-GAN 0.3+0.1 1.64+0.2 0.4+0.2 1.01 — —

metrics W, W? and WEP correspond to the average 1-Wasserstein distance between input and generated
jets mass, constituents 77!, ¢™ and pr™, and five energy-flow polynomials (EFPs) [52], which are a set of
variables that capture n-point particle correlations and jet substructure. The computation of the EFPs was
performed using the JETNET package [53], where the EFPs correspond to the default choice defined in the
package. The Fréchet ParticleNet Distance (FPND), which is the ParticleNet [54]-adaptation of the Fréchet
inception distance [55] that is standard in computer vision; and coverage (COV) and minimum matching
distance (MMD) which measure the ratio of samples in X (e.g. the generated jets) that have a matchin Y
(e.g. the input jets) and the average distance between matched samples, respectively, are also measured.

Table 9 shows that among the models implemented in this work, the ConVAE+NF approach is the best in
almost every metric. However, MPGAN outperforms the VAE-based approaches in every single metric. The
advantage of the ConVAE+NF approach is that it is approximately two times faster: the average time to
generate a single jet is 18.30 & 0.04 ps for ConVAE+NF versus 35.7 s for MPGAN measured using an
NVIDIA Tesla T4 GPU. Nevertheless, when compared with the EPiC-GAN model, which also achieves strong
physics performance and can generate a single jet in 2 us, the ConVAE+NF model still lacks speed. It is still
interesting to continue development of the latter; since the techniques applied in both models are completely
distinct, one could expect that their strengths and weaknesses are complementary. Additionally, the
availability of multiple tools for the same objective is usually expected by the HEP community.
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From the comparisons of the low- and high-level jet feature distributions, we observe that the mixed
ConVAE+NF approach exhibits an improvement over the ConVAE alone. We attribute this to two reasons:
(1) the standard Gaussian distribution, used by the ConVAE alone but altered in the ConVAE+NF approach,
is not the optimal probability distribution for the elements in the latent space dimension, and (2) the
decompression of those values could be improved by using the same parameters of the ConVAE tuned for
reconstruction. Still, there are discrepancies between the ConVAE+NF generated jets and input jets, mainly
related to the substructure variables, which are not present for the MPGAN approach. Other than the
structural distinction between GAN and VAE, one of the core differences between the two approaches is that
the architecture for the MPGAN is a GNN. The representation of jet constituents as an unordered set of
particles is more natural, intrinsically preserves permutation invariance, and most likely contributes to the
differences between the ConVAE and MPGAN results.

6. Summary and outlook

We presented a novel technique in the context of hadronic jets generation in simulated high-energy pp
collisions, based on a ML approach that combines a ConVAE with NFs. This method provides an
opportunity to explore and enhance our capabilities for creating point-cloud objects in a broader context,
with a particular emphasis on its potential application within the field of high energy physics. From the
values of EMDg,n, obtained, there was a clear improvement with respect to the work in [13], not only by the
application of hyperparameter optimization to the ConVAE, but also with the usage of the ConVAE+NF
technique. The generation of gluon jets was performed using the ConVAE+NF model and compared with
baseline ConVAE and NF models alone, as well as the state-of-the-art MPGAN. The ConVAE+NF approach
is superior to the first two, but needs further improvements to be comparable to the latter.

There is, however, an improvement in inference time compared to MPGAN as the ConVAE+NF can
generate a jet twice as fast, but it still lacks speed to be comparable with EPiC-GAN. Even in the scenario
where the ConVAE+NF is not the fastest network, it still offer advantages in physics applications where large
amounts of simulated samples are needed but perfect accuracy is not a strict requirement, since the
techniques used in each model are completely distinct and it can be expected their weak and strong
characteristics to be complementary, specially in the HEP context where more than one method for the
generation of new data is wanted. It is worth noting that the MPGAN architecture is based on a graph NN,
which has a much more natural representation for a particle-based jet dataset. In future work, a graph-based
VAE+NF can be implemented, trained, and tested to check for improvements in the jet generation
capabilities and timing.
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Appendix B

Generator Cards

In this appendix, the templates of the cards used to generate the signal MC
samples for the search of disappearing tracks are displayed. Except for the cus-
tomization card that needs to be specific for each chargino mass/lifetime, the other
cards use the mass, lifetime, and xq_, as input to produce the samples.

B.1 Run Card

#*********************************************************************

# MadGraph5_aMC@NLO *
# *
# run_card.dat MadEvent *
# *
# This file is used to set the parameters of the run. *
# *
# Some notation/conventions: *
# *
# Lines starting with a ’# ’ are info or comments *
# *
# mind the format: value = variable ! comment *
# *
# To display more options, you can type the command: *
# update full_run_card *

#*********************************************************************
#
#*********************************************************************
# Tag name for the run (one word) *
#*********************************************************************

tag_1 = run_tag ! name of the run
#*******~k~k************************************************************
# Number of events and rnd seed *
# Warning: Do not generate more than 1M events in a single run *
#***‘k‘k**~k~k**‘k‘k**‘k*‘k******‘k‘k***********~k~kk**‘k‘k‘k‘k*****‘k‘k****‘k‘k*****‘k‘k***

10000 = nevents ! Number of unweighted events requested

0 = iseed ! rnd seed (0O=assigned automatically=default))

#*********************************************************************

# Collider type and energy *
# lpp: 0=No PDF, l=proton, -l=antiproton, 2=photon from proton, *
# 3=photon from electron, 4=photon from muon *

#*********************************************************************
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1 = lppl ! beam 1 type
1 = lpp2 ! beam 2 type
6800.0 = ebeaml ! beam 1 total energy in GeV
6800.0 = ebeam2 ! beam 2 total energy in GeV

# To see polarised beam options: type "update beam_pol"

#*********************************************************************
# PDF CHOICE: this automatically fixes also alpha_s and its evol. *
#*********************************************************************

"lhapdf’ = pdlabel ! PDF set

SDEFAULT_PDF_SETS = lhaid

SDEFAULT_PDF_MEMBERS = reweight_PDF
# To see heavy ion options: type "update ion_pdf"
#*********************************************************************
# Renormalization and factorization scales *

F ok Kk kK kK Kk Kk Kk Kk ko ko Rk ko kK ok ok ko Kk Kk ko ko ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK kK kK kK K

False = fixed_ren_scale ! if .true. use fixed ren scale

False = fixed_fac_scale ! if .true. use fixed fac scale

91.188 = scale ! fixed ren scale

91.188 = dsqgrt_g2factl ! fixed fact scale for pdfl

91.188 = dsqgrt_g2fact2 ! fixed fact scale for pdf2

-1 = dynamical_scale_choice ! Choose one of the preselected dynamical choices
1.0 = scalefact ! scale factor for event-by-event scales

#*********************************************************************
# Type and output format
#*********************************************************************
False = gridpack !True = setting up the grid pack
1.0 = time_of_flight ! threshold (in mm) below which the invariant livetime is not written
(-1 means not written)
average = event_norm ! average/sum. Normalization of the weight in the LHEF
#*********************************************************************
# Matching parameter (MLM only)

F 5k Kk Kk kK Kk Kk Kk Kk ko ko Rk ko kK ok ko ko Kk Kk ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK kK kK K

1 = ickkw ! 0 no matching, 1 MLM

1.0 = alpsfact ! scale factor for QCD emission vx

False = chcluster ! cluster only according to channel diag

4 = asrwgtflavor ! highest quark flavor for a_s reweight

True = auto_ptj_mjj ! Automatic setting of ptj and mjj if xgcut >0

! (turn off for VBF and single top processes)

_XQCUT = xgcut ! minimum kt Jjet measure between partons

#***********************************************************************
# Turn on either the ktdurham or ptlund cut to activate *
# CKKW (L) merging with Pythia8 [arXiv:1410.3012, arXiv:1109.4829] *
#***********************************************************************

-1.0 = ktdurham

0.4 = dparameter

-1.0 = ptlund

i, 2, 3, 4, 5, 6, 21, 1000001, 1000002, 1000003, 1000004, 1000005, 1000006, 1000021,
2000001, 2000002, 2000003, 2000004, 2000005, 2000006 = pdgs_for_merging_cut ! PDGs for

two cuts above

#*********************************************************************
# Generation bias, check the wiki page below for more information: *

# ’cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LOEventGenerationBias’ «
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#*********************************************************************
None = bias_module ! Bias type of bias, [None, ptj_bias, -custom_folder-]
{} = bias_parameters ! Specifies the parameters of the module.

#

#*******************************

# Parton level cuts definition «

#*******************************

#

#

#*********************************************************************

# BW cutoff (M+/-bwcutoff+Gamma) ! Define on/off-shell for "$" and decay

#*********************************************************************

15.0 = bwcutoff ! (M+/-bwcutoff+Gamma)

#*********************************************************************

# Standard Cuts *

#*********************************************************************

# Minimum and maximum pt’s (for max, -1 means no cut) *

#*********************************************************************

0.01 = ptj ! minimum pt for the jets

-1.0 = ptjmax ! maximum pt for the jets

{} = pt_min_pdg ! pt cut for other particles (use pdg code). Applied on particle and anti-particle

{} = pt_max_pdg ! pt cut for other particles (syntax e.g. {6: 100, 25: 50})

#

# For display option for energy cut in the partonic center of mass frame type ’'update ecut’
#

#*********************************************************************

# Maximum and minimum absolute rapidity (for max, -1 means no cut) *
#*********************************************************************

5.0 = etaj ! max rap for the Jjets

{} = eta_min_pdg ! rap cut for other particles (use pdg code). Applied on particle and anti-particle

{} = eta_max_pdg ! rap cut for other particles (syntax e.g. {6: 2.5, 23: 5})
#*********************************************************************

# Minimum and maximum DeltaR distance *
#*********************************************************************
#*********************************************************************
# Minimum and maximum invariant mass for pairs *
#*********************************************************************
{} = mxx_min_pdg ! min invariant mass of a pair of particles X/X~ (e.g. {6:250})
{’default’: False} = mxx_only_part_antipart ! if True the invariant mass is applied only
! to pairs of particle/antiparticle and not to pairs of the same pdg codes.
#*********************************************************************
# Inclusive cuts *
#*********************************************************************

0.0 = ptheavy ! minimum pt for at least one heavy final state
#*********************************************************************

# maximal pdg code for quark to be considered as a light Jjet *
# (otherwise b cuts are applied) *
#*********************************************************************

4 = maxjetflavor ! Maximum jet pdg code
#*********************************************************************
#*********************************************************************

# Store info for systematics studies *
# WARNING: Do not use for interference type of computation *
#*********************************************************************

True = use_syst ! Enable systematics studies
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B.2 Process Card

import model MSSM_UFO
define x1 = x1+ x1-
generate p p > xl+ xl1-
add process p p > x1 nl
add process p p > x1 nl j

add process p p > x1+ x1- j

output FILENAME -nojpeg
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B.3 Customize Card

set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

set

param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card

param_card

sminputs
sminputs

sminputs

minpar
minpar

minpar

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

mass

1 1.278425e+02

3 1.172000e-01

5 4.200000e+00
minpar 1 1.500000e+03

2.464400e+05

5.000000e+00

1

2

3

4 1.000000e+00

0 1.042289%e+16
1 5.040000e-03
2 2.550000e-03
3 1.010000e-01
4 1.270000e+00
5 4.200000e+00
6 1.730700e+02
11 5.110000e-04
13 1.056600e-01
15 1.777000e+00
23 9.117000e+01
24 8.042300e+01
25 1.169188e+02
35 4.139955e+03
36 4.112712e+03

37 4.127721e+03
1000001 4.686348e+03

1000002
1000003
1000004
1000005
1000006
1000011
1000012
1000013
1000014
1000015
1000016
1000021
1000022
1000023
1000024
1000025
1000035
1000037
2000001
2000002
2000003
2000004
2000005
2000006
2000011
2000013
2000015

4.

685674e+03

4.686348e+03
4.685675e+03
4.094006e+03
3.409915e+03
1.146789e+03
1.125622e+03
1.146789e+03
1.
1
1
4
6
2
5

125622e+03

.022276e+03
.112258e+03
.746731e+03
.998741e+02
.269050e+03
.000476e+02
-3.871534e+03
3.872823e+03
3.877723e+03
4.760781e+03
4.716490e+03
4.760781e+03
4.
4
4
1
1
1

716490e+03

.724744e+03
.132603e+03
.028006e+03
.028006e+03
.125748e+03
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set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

set

param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card

param_card

nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
nmix
umix
umix
umix
umix
vmix
vmix
vmix
vmix
yu 3
yd 3
ye 3
hmix
hmix
hmix
msoft
msoft
msoft
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay

BN R W W W R R NN R RSBSOS WL W NNN R e e e

-8.253396e-04
9.997768e-01
-2.024051e-02
6.010189e-03
9.997944e-01
1.234040e-03
1.686326e-02
-1.119322e-02
-4.019827e-03
1.005844e-02
7.069792e-01
7.071513e-01
1.985802e-02
-1.854149e-02
-7.067434e-01
7.069480e-01
-9.995645e-01
2.950852e-02
-2.950852e-02
-9.995645e-01
-9.999370e-01
1.122527e-02
-1.122527e-02
-9.999370e-01
.388877e-01
.522101e-02
.158244e-02
.875142e+03
.000000e+00
.691440e+07

1 2.303352e+03

2 6.642549e+02

3 -4.503769e+03
6 1.508336e+00
23 2.495200e+00
24 2.085000e+00
25 4.070000e-03

0w ooy 0N B NP NP NP B WD R BsWwWND R DWW N R Bsw N

1 0.000000e+00
2 0.000000e+00
3 0.000000e+00
4 0.000000e+00
5 0.000000e+00
11 0.000000e+00
12 0.000000e+00
13 0.000000e+00
14 0.000000e+00
15 0.000000e+00
16 0.000000e+00
21 0.000000e+00

22 0.000000e+00
1000022 0.000000e+00
1000024 WIDTH
1000023 0.000000e+00
1000025 1.915985e+00
1000035 2.585851e+00
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set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

set

param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card

param_card

decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
decay
usgmix
usgmix
usgmix
usgmix
usgmix
usgmix
usgmix
usgmix
dsagmix
dsgmix
dsamix
dsagmix
dsgmix
dsgmix
dsgmix
dsgmix
selmix
selmix
selmix
selmix
selmix
selmix
selmix
selmix
veckm 1
vckm 2
vckm 3
snumix

snumix

1000037 2.486895e+00
1000021 5.506754e+00
35 5.748014e-01
36 6.321785e-01
37 5.469628e-01

1000012
1000014
1000016
1000011
1000013
1000015
2000011
2000013
2000015
1000002
1000004
1000006
2000002
2000004
2000006
1000001
1000003
1000005
2000001
2000003
2000005

111.

1
1
1.
8

o v = = B = 00 W

R R oW o WD R oW WO N R oW o WO s N
R N e )

N P W DN KFE ooy W Ww o N EFE O Www oD RE oW w o N

1.
.498816e-01
.475190e-01
.136822e-01
.136822e-01
.483273e-01
.161216e-01
.161216e-01
.699061e-01
.477195e+00
.477195e+00
.021596e+00
.152973e+00
.152973e+00
.373133e+00
.312788e+00
.312788e+00
.736276e+00
.858123e-01
.858123e-01
8.

498816e-01

015663e-01

000000e+00

.000000e+00
.000000e+00

000000e+00

.360244e-02
-9.964992e-01
.964992e-01
.360244e-02
.000000e+00
.000000e+00
.000000e+00
.000000e+00
.999839%e-01
.668928e-03
-5.668928e-03
.99983%e-01
.000000e+00
.000000e+00
.000000e+00
.000000e+00
.326595e-01
.911616e-01
-9.911616e-01
1.326595e-01
.000000e+00

.000000e+00

1.000000e+00

1 1.000000e+00
2 1.000000e+00
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set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

set

param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card
param_card

param_card

snumix 3 3 1.000000e+00
upmns 1 1 1.000000e+00
upmns 2 2 1.000000e+00
upmns 3 3 1.000000e+00
.576613e+03
.576613e+03
.329080e+02
.862562e+03
.862562e+03
.240256e+03
.220798e+03
.220798e+03
.013898e+02
.275231e+06
.275231e+06
.246026e+06
.072075e+06
.072075e+06
.999359e+05
.986683e+07
.986683e+07
.530788e+07
.013590e+07
.013590e+07
.076281e+07
.052692e+07
.052692e+07
.071235e+07

te 1
te
te
tu
tu
tu
td
td
td 3
msl2
msl2
msl2

N P w NN W N

mse2
mse2
mse2
msq2
msq2
msq2
msu2
msu2
msu2
msd2
msd2
msd2

w NP Ww NP WD ERE WD P WwWNDE WP WD R WwDND e

w NP Ww NP W N ERE WD P WP oo o wwwE NN

1

I S e T e e e
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B.4 Hadronizer Parameters

generator = cms.EDFilter ("Pythia8HadronizerFilter",
pythiaPylistVerbosity = cms.untracked.int32(0),
filterEfficiency = cms.untracked.double(-1),
pythiaHepMCVerbosity = cms.untracked.bool (False),
comEnergy = cms.double (COM_ENERGY) ,
maxEventsToPrint = cms.untracked.int32(0),
PythiaParameters = cms.PSet (
pythia8CommonSettingsBlock,
pythia8CP5SettingsBlock,
pythia8PSweightsSettingsBlock,
processParameters = cms.vstring(
71000024 :isResonance = false’,
71000024 :0oneChannel = 1 1.0 100 1000022 211’,
71000024:tauld = %.1£f’ % CTAU,
’ParticleDecays:taulMax = %$.1f’ % (CTAU * 10),
’JetMatching:setMad = off’,
’JetMatching:scheme = 17,
’JetMatching:merge = on’,
’JetMatching: jetAlgorithm = 27,
’JetMatching:etadetMax = 5.7,
’JetMatching:coneRadius = 1.7,
’JetMatching:slowJetPower = 17,
’JetMatching:qCut = %$.1f’

o

(XQCUT % 1.5), #this is the actual merging scale

’JetMatching:nQmatch = 47, #4 corresponds to 4-flavour scheme (no matching of b-quarks),

5 for 5-flavour scheme
’JetMatching:nJetMax = 1’, #number of partons in born matrix element for highest
multiplicity
’JetMatching:doShowerKt = off’, #off for MLM matching, turn on for shower-kT matching
)y
parameterSets = cms.vstring(
’pythia8CommonSettings’,
’pythia8CP5Settings’,
'pythia8PSweightsSettings’,
'processParameters’)
)
# The following parameters are required by Exotica HSCP_SIM cfi:
slhaFile = cms.untracked.string(’’), # value not used
processFile = cms.untracked.string(’SimG4Core/CustomPhysics/data/RhadronProcessList.txt’),
useregge = cms.bool (False),
hscpFlavor = cms.untracked.string(’stau’),
massPoint = cms.untracked.int32 (MCHI), # value not used
particleFile = cms.untracked.string(’DisappTrks/SignalMC/data/geantd/
geant4_AMSB_chargino_%sGeV_ctau%scm.slha’ % (MCHI, int (CTAU/10)))
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Algorithms for Finding Missing Hits

Corrections

C.1 Algorithm for Finding Missing Middle Hits Cor-

rection

Given a two-dimensional histogram, uncorrectedMC, of the number of hits
in the strip detector vs. the number of missing middle hits filled using simulated
background events and a probability to drop a single hit, hitDropProbability,
the following procedure, get CorrectedMC, returns the expected distribution of

missing middle hits.

Sub getExtraMissingMiddleHitsPDF (nHits, hitDropProbability)
Book 1D histogram pdf
For iToy = 0 to 10000
missingMiddleHits = 0
countMissingMiddleHits = False

For iHit = 0 to nHits
x = Random number in [0, 1)
hit = x > hitDropProbability

If not hit and countMissingMiddleHits Then
missingMiddleHits = missingMiddleHits + 1
Else If hit Then
countMissingMiddleHits = True
End If

Next 1iHit
pdf.Fill (missingMiddleHits)
Next iToy

Normalize histogram pdf

Return pdf
End Sub

Sub getCorrectedMC (uncorrectedMC, hitDropProbability)

204
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Book 1D histogram correctedMC
For nHits = 1 to 20
extraMissingMiddleHitsPDF = getExtraMissingMiddleHitsPDF (nHits, hitDropProbability)

For originalMissingMiddleHits = 0 to 6
bin = uncorrectedMC.FindBin (originalMissingMiddleHits, nHits)

nTracks = uncorrectedMC.GetBinContent (bin)

For extraMissingMiddleHits = 0 to 6
bin = extraMissingMiddleHitsPDF.FindBin (extraMissingMiddleHits)
extraMissingMiddleHitProbability = extraMissingMiddleHitsPDF.GetBinContent (bin)

missingMiddleHits = originalMissingMiddleHits + extraMissingMiddleHits
bin = correctedMC.FindBin (missingMiddleHits)

currentNTracks = correctedMC.GetBinContent (bin)

correctedMC. SetBinContent (bin, currentNTracks + nTracks x extraMissingMiddleHitProbability)

Next extraMissingMiddleHits
Next originalMissingMiddleHits
Next nHits

Return correctedMC
End Sub
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C.2 Algorithm for Finding Missing Outer Hits Correc-

tions

Given a three-dimensional histogram, uncorrectedMcC, of the number of
hits in the strip detector vs. the number of hits in the TOB vs. the number of
missing outer hits filled using simulated background events, a probability to
drop a single hit, hitDropProbability, and a probability to drop every hit in
the TOB, tobDropProbability, the following procedure, get CorrectedMC,
returns the expected distribution of missing outer hits.

Sub getExtraMissingOuterHitsPDF (nHits, hitDropProbability)
Book 1D histogram pdf
For iToy = 0 to nToys
missingOuterHits = 0
For iHit = 0 to nHits
x = Random number in [0, 1)
hit = x > hitDropProbability

If not hit Then
missingOuterHits = missingOuterHits + 1
Else
Break
End If
Next 1iHit
pdf.Fill (missingOuterHits)
Next iToy

Normalize histogram pdf

Return pdf
End Sub

Sub getCorrectedMC (uncorrectedMC, hitDropProbability, tobDropProbability, preOrPostTOB)
Book 1D histogram correctedMC
For nHits = 1 to 20
extraMissingOuterHitsPDF = getExtraMissingOuterHitsPDF (nHits, hitDropProbability)
1 to 16

For originalMissingOuterHits
For tobHits 1 to 16

bin = uncorrectedMC.FindBin (originalMissingOuterHits, tobHits, nHits)

nTracks = uncorrectedMC.GetBinContent (bin)

For extraMissingOuterHits = 0 to 16
bin = extraMissingOuterHitsPDF.FindBin (extraMissingOuterHits)

extraMissingOuterHitsProbability = extraMissingOuterHitsPDF.GetBinContent (bin)

If preOrPostTOB = "PRE_TOB" Then
missingOuterHits = originalMissingOuterHits + extraMissingOuterHits
missingOuterHitsWithTOBDrop = originalMissingOuterHits + tobHits
Else If preOrPostTOB = "POST_TOB" Then

missingOuterHits = originalMissingOuterHits
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missingOuterHitsWithTOBDrop = originalMissingOuterHits + extraMissingOuterHits + tobHits

End If
bin = correctedMC.FindBin (missingOuterHits)
currentNTracks = correctedMC.GetBinContent (bin)

correctedMC.SetBinContent (bin, currentNTracks + nTracks \

* extraMissingOuterHitsProbability % (1 - tobDropProbability))

bin = correctedMC.FindBin (missingOuterHitsWithTOBDrop)
currentNTracks = correctedMC.GetBinContent (bin)
correctedMC.SetBinContent (bin, currentNTracks + nTracks \

* extraMissingOuterHitsProbability * tobDropProbability)

Next extraMissingOuterHits
Next tobHits
Next originalMissingOuterHits

Next nHits

Return correctedMC
End Sub
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