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Abstract

Color confinement is a fundamental property of Quantum Chromo Dynamics (QCD), the
theory of the strong force. Hadronization is the process whereby highly energetic quarks,
stripped of most of their color fields, evolve back to color-neutral hadrons, thus satisfying
confinement. This process has been studied in electro-nuclear scattering at two interna-
tional laboratories by measuring the absorption or enhancement of hadrons produced
in the scattering. The cross section for this process has a rigorously correct, known form
that has three linearly independent terms. It has the form A + B cos(¢) + C cos(2¢),
where A, B, and C each depend on four kinematic variables, and ¢ is the azimuthal angle
of the pion in the virtual-photon-nucleon reference frame. All studies of nuclear modific-
ations of the cross section to date have been performed using only the first term. In this
thesis we will extract the second term for the first time, and will constrain the third term,
which is known to be small, while the second term is known to be large. This will illus-
trate the extent to which quantum effects are needed to describe the medium-modified
scattering, which thus far have only been described using semi-classical approaches. The
information gained will give a completely new way to look at the behavior of the in-
medium hadronization process, helping to determine the mechanisms that enforce QCD

confinement.
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Chapter 1

General introduction

Particle physics has been one of the most prolific branches of study in the latest years
with advancements in the experimental area and successful theoretical descriptions given
by the Standard Model. These experimental progress have been carried out in high tech-
nology laboratories, supported by diverse groups of multiple disciplines and from dif-
ferent cultures. This area of knowledge covers a variety of topics and could be split in
sub-areas depending on the subject of interest, with two remarkable examples: Nuclear
Physics and High Energy Physics (HEP). Both areas are not mutually exclusive, though, deal-
ing with similar problems in the line of disentangling the basic components of matter and

the way they evolve and interact with themselves and their environment.

Future experiments are designed to work in the frontier of our technological capab-
ilities. This provides an exceptional potential for unveiling new mechanisms hidden in-
side nucleons or confirm/reject theories only possible with sufficiently sensitive devices.
There are still some secrets to discover at the high energies regime or inner interactions
only observable by means of polarization studies. All of these questions will be addressed
by upgrades of current detectors and future planned ones. Major examples of this are the
Electron Ion Collider (EIC) facility at Brookhaven National Laboratories that has been un-
der construction since long ago, and the new CLAS12 detector built in replacement of the

nowadays obsolete CLAS6 at Jefferson Lab.

In this work, Part I is a data analysis project of nuclear physics that describes the effects
of different nuclear media in the production of positive pions (7 1) around a determined
axis with the CLAS detector. Valuable information of the impact that non-measurable

interactions inside the nucleon have in hadronization processes will be extracted. These



results would be an interesting starting point for future comparisons with new era data
from CLAS12 and EIC. Part II introduces a new technology for sensors with excellent tim-
ing and spatial performances, along with a characterization of several samples. The first
generation of this timing technology will be used in the HL-LHC upgrade soon. A good
performance of these second generation samples would pave the way for their usage in

future collaborations such as in EIC.
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Analysis of nuclear effects in azimuthal
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Chapter 2

Introduction

The production of charged mesons, with a special interest in 7 as the lightest one, in
Deep Inelastic Scattering processes has been widely studied in different experiments that
cover varied kinematic regions. Confinement forbids us to measure sub nucleon struc-
tures directly, so we must use intricate methods to ‘feel’ the internal components and
their inner mechanisms in an indirect way. A lot of information that can be contrasted
with several theoretical models is encoded in the distribution of the hadrons produced.
The CLAS spectrometer provides a good environment to test these phenomena with the
capacity of housing nuclear media of diverse sizes. Unlike other similar accelerators,
CLAS receives relative low energy electrons, which unlocks a kinematic sector that is not
fully represented in more energetic ones. Additionally, another advantage of this con-

figuration is the reduced contamination produced by decay of massive products.

A characterization of proper triggering for electrons and charged pions was developed
by a former member of our group in [1]. In his analysis, the action of the nuclear media
was accounted by the ratio of the production of 7" with the so called Multiplicity ratio.
A reduction in the generation of pions in bigger nuclei was found, with an accentuation
at higher energies of the hadron. Other studies also demonstrated effects in the broad-
ening of the momentum’s transverse component, with bigger deviations from heavier
nuclei [2]. These observations are evidence of a non-negligible contribution from in-
ternal interactions that are highly dependent on the nuclear sizes and that haven’t been

completely explained by theoretical models.

One of the remaining studies that could be developed with the available data is the im-

pact of diverse nuclear environment in the generation of pions around the direction of



the virtual photon that mediates the interaction. The common representation of these
kind of events include modulations around this axis that differs from a uniform distribu-
tion. Theoretical work has been devoted to understand and explain this behaviour with
refined techniques. Some articles use transverse-momentum-dependent expansions and
higher order contributions to predict them [3]. This would be the first time that these

modulations are measured in heavier targets and at relative low energy.

In Chapter 3 a description of the state of the art in nuclear effects and azimuthal modu-
lations is given. Chapter 4 introduces the detector and its components, as well as motiva-
tion and objectives of the experiment. In Chapters 5 and 6 the requirements for electron
and pion identification are presented. Chapter 7 follows the corrections of data along
with considerations. A method of quality check is introduced too. The main body of the

work is in Chapter 8. A summary and outlook is discussed in Chapter 9.
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Chapter 3

Physics background

3.1 Evolution of the cross section

Particle physics began as a phenomenological discipline. Back in the early XXth century,
electron scattering experiments, regarded as [ particles at that time, had revealed first
evidence of a more complex structure of the matter'. Since then, numerous studies have
been devoted to create models that can describe and predict the inner composition of
matter and their interactions. Several attempts on this task have been successful, though

always restricted to a reduced domain of energies.

The simplest model to begin with is the classical approach of a hard collision developed

by E. Rutherford. The cross section has the form

do _ 4 5 1 or do B a? (3.1)
A2~ v i), ~ 4E?sin?(6/2) |

where « is the electromagnetic fine structure constant, F the energy of the incoming
electron (equivalent to the module of its 3-momentum neglecting its mass), § the deflec-
tion angle of the scattered electron with respect to its initial direction, and ¢ the square

momentum transfer (more of it later in this chapter).

In order to avoid further misunderstandings, some conventions and notation to be
used along this work will be quickly reviewed. Throughout this thesis we will work with

natural units, where ¢ = h = 1, hence quantities such as energy, momentum, and mass

!Several advancements were produced before but this was the first time an experiment had clearly
shown convincing evidence in line with the atomic theory.



have the same units, generally in GeV. In this case, a factor of 1/c and 1/¢? is implicit

for momentum and mass, respectively.

A cross section has an intuitive interpretation as an effective area of interaction between
two objects in relative motion towards each other. It relates the outgoing direction and
distribution of particles after an interaction with a given incoming flux. Although this
idea is easy to understand, it comes from a classical picture so its range of applicability

is limited.

The development of Quantum Mechanics (QM) began gradually with studies of Max
Planck and Albert Einstein between 1900 and 1905, but had to wait until mid-1920s where
a complete mathematical formalism was developed by bright mind such as Niels Bohr,
Erwin Schrédinger, Werner Heisenberg, Max Born, Paul Dirac, among others. This new
paradigm required a new treatment of the interactions in terms of quantum numbers and
abstract states in a Hilbert space. This description broke some basic conceptions of phys-
ical events and opened some philosophical discussions that continue even until today.
Determinism is the key concept addressed by classical mechanics and QM introduced
effects never seen before, even impossible to reproduce with the techniques available
at that time, including interference phenomena, mixed states, and probabilistic events.
The idea of reproducible results is at the heart of the scientific method, with its principle
of falsifiability, and the proposed theory was bypassing it and producing measurable ef-
fects. Even though the non-determinism was real, events are not absolutely random and
follow certain statistical distributions that could somehow fix the problem if we are good
at dealing with a semi-deterministic description. In this scenario, a single event is not

enough to probe a tendency but ‘collective trends’ is what matters.

After the intrusion of QM, efforts were put on including it in the theory of interac-
tions. Special relativity was a new discovery too so a full scope description should have
both phenomena covered. Don’t forget that new models must be able to reproduce pre-
vious results as well, restricting even more the space of possibilities to test. Surprisingly
enough, all of these preconditions were satisfied by the introduction of the Quantum

Field Theory (QFT). The theory is built with a fundamental conceptual difference: ob-
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servables are not fixed operators in time but are upgraded to fields that treat space and

time on the same footing. The determination of cross section must be extended equally.

P. Dirac and E. Fermi derived an equation known as the Fermi Golden Rule to get the

probability of evolution from an initial state 7 into a final one f:

ivg =21 [(FIH| )] p(k), (3.2)

where p(k) is the density of states for a given momentum k and H is an operator/field
representing the interaction. This quantity is related to the probability of transition from
a quantum state to another [4] that is in turn related to the non trivial component of the
scattering matrix. In general, the energy states are extended to a continuous spectrum,
leading to a new and more general definition of cross section:

do 1 py d*c a? B

2
_ _ Y e 3.3
dQ)  64n3s p; M7, or dQdE"  Mg* E " (3.3)

where p; and E (p; and E’) are the magnitude of the 3-momentum and energy of the
initial (final) state, M is the invariant amplitude related to the scattering matrix, M the
proton mass, L, W are the leptonic and hadronic tensors contracted, and the remain-
ing elements are defined as in Equation 3.1. An amazing consequence of this approach is
that it is generic enough to be independent of the interacting particles. All that inform-
ation is encoded in the invariant amplitude term and, equivalently, in the tensors that

could be obtained by the use of Feynman rules.

Equation 3.3 is a wonderful result but could lack precision in certain cases. Depending
on the interaction under study (electromagnetic, weak, strong, or a combination of them)
the M element may not have a simple analytic form. This generally results in higher or-
der loops with non negligible contributions. Some interactions such asete™ — ptpu~
have an accurate description at tree level (no loop corrections) that differs from experi-

ments by less than 10%, while others are susceptible to important corrections.

3.2 Comments on Quantum Chromodynamics

Internal symmetries in the interactions had given hints of a fundamental representa-

tion. Group theory is the mathematical tool that better reproduces these properties. The

Physics background 8



three main interactions particles can feel at microscopic level are the electromagnetic,
weak, and strong. All of them were associated with a group symmetry, U(1), SU(2), and
SU (3), that in turn has a set of quantum numbers: electric charge, weak isospin (and/or

hypercharge), and color charge.

We are interested in the latter element: color. A theory of the color charge called
Quantum Chromodynamics (QCD) is expected to shed light on the inner processes of the
strong interaction. Its basic rules and components are derived from the group theory
description. Hadrons are introduced as the particles that can feel the strong interac-
tion. They are not fundamental entities but are composed of quarks and gluons. The
former are particles with half-integer spin, thus follow Fermi-Dirac statistics and are
subject to Pauli’s exclusion principle. Quarks exist in six different flavours with differ-
ent weights and unique quantum numbers, classified in three generations identically
to leptons. Gluons are the massless bosons that mediate the interaction. Group theory
predicts a total of eight gluons that, unlike photons, all could interact with hadronic
matter and with themselves. This is why the strong interaction is hard to describe: self-
interaction adds a huge amount of loop corrections that forbids the correct use of ap-
proximation methods. Alternative methods have been developed, say Lattice QCD and
perturbative QCD (pQCD), but they generally attack limit cases where simplifications are

feasible.

Among others, two main properties of QCD need to be highlighted: confinement and
asymptotic freedom. The strong interaction is governed by a ‘constant’ factor «a called
strong coupling constant that defines the amount of strong coupling of the members. Though
it’s claimed as a constant, the magnitude of the interaction varies with respect to the total
energy involved in the same sense as the other coupling factors do. Confinement is re-
lated to the impossibility of finding free quarks. Due to the large magnitude the coupling
constant acquires at long distances, if someone attempts to take a quark apart, enough
energy would be introduced to the system so that a new pair would be created and the
individual halves would get a new partner. Asymptotic freedom refers to the opposite ex-
treme case, where the scale of the interaction is small. At short distances, we can address

the quarks as quasi-free particles and perturbative calculations are suitable.

Physics background 9



Inelastic collisions, where the initial and final elements are not the same, are also pos-
sible with QCD. The process by which these new entities are created is called hadroniza-
tion. These events are harder to describe in a detailed way due to the lack of information
from the very interaction, hidden to any direct observation due to confinement. An in-

direct observation is the best we can try to get a feeling of the inner structure of nucleons.

Heuristic approaches have been introduced to test how detailed Equation 3.3 is. We can
consider a modification of the fermionic current, part of the hadronic tensor, to include
a structure distribution of the proton instead of the usual point-like assumption. This
method already has accounted for the spin of the involved particles too, so differences
might be expected with respect to the classical result. The corrections lead to the so
called Rosenbluth formula:

(3_9> ) <4E2 sﬁiwm) % {<G%1_+Tf M> o 012) % (orhy i wzz} )
3.4

where 7 = — 4?\22, G? are the electric (F) and magnetic (M) form factors, and the other

terms are as in the previous formulae. Interestingly enough, the classical estimation is
part of the final expression but accompanied by modulations from the interaction with

the electromagnetic field.

Using a generalized version of the hadronic tensor we could consider a richer internal

structure of the proton. Resulting in a simple extension from the previous result

d20' Q/Q 5 o
<deEl>lab - <4E2 Sin4(9/2)> {W2 COS (9/2> + 2W; sin (0/2>} ) (3.5)

where the W, terms are general form factors. They are not accessible theoretically without

the introduction of a specific model. We can extract them from experiments, though.

3.3 Deep Inelastic Scattering and definitions

Deep Inelastic Scattering (DIS) is the study of interactions (scattering) in a sub nuclear
level (deep) that leads to hadronization, thus breaking the initial configuration and leav-
ing a final state with new particles (inelastic). Hadronization requires at least one meson

or baryon to be produced. Our case of interest, and the one from which Equation 3.5 was
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) — } X(p')

Figure 3.1: Diagram of SIDIS process with an electron scattered off a proton. The final
hadronic state has a positive pion and undetected particles, labeled with an X.

obtained, considers a lepton interacting with an hadron, specifically a proton. Depend-

ing on the final state, we can define three types of processes:

¢ Inclusive: When only the single scattered lepton is detected.
¢ Semi-inclusive: When the lepton and a single final state hadron are detected. The
other elements, if existing, remain undetected.

¢ Exclusive: When all of the final particles are detected.

Whether we decide to work in one or other group depends on the goals of the analysis.
For instance, some studies on leptonic properties such as the g-2 experiment deal with
the fired lepton in its initial and final states only making the inclusive frame adequate.
On the other hand, studies on hadron production at high energy would be interested in
saving as much information as possible, making the exclusive frame the natural selection.
A middle step between these options is ideal for the study of individual hadrons like in
this analysis, where the emphasis is in charged pion detection, although we still require
the detection of electrons as triggers of the scattering. From now on, we will refer to our

interaction of interest as Semi Inclusive Deep Inelastic Scattering (SIDIS).

We can use different systems of reference to describe the scattering and, based on the
quantities under study, the selection of one or another comes in a natural way. Among
others, the laboratory, center of mass and the infinite-momentum or Breit frames are the
most useful in our context. For simplicity in the study, we define a general notation for
the 4-momentum of each constituent of the interaction. A more specific definition relies
on the frame of reference selected. The 4-momentum will always be labelled as shown

in Figure 3.2.

The Laboratory frame (often just lab frame) is the most common and direct for under-

Physics background 11



standing, since it is based on the physical distribution we get in the experiment. In this
context, the initial lepton is assumed to go in the positive z direction with negligible mass
in the case of an electron. The nucleon is considered at rest so that its 4-momentum has
one element only, the temporal coordinate, relative to its invariant mass. The scattered
lepton also receives a convenient form that could be directly extracted from the detector

output.

The Center of mass frame (CM) is convenient for simplification of some expressions. This
inertial frame is defined such that the initial state has a null total 3-momentum. When

only two elements are present at the end, they are produced back-to-back.

The Infinite-Momentum frame (IMF) is a theoretical system in which the target nucleon is
moving at a very high speed along the direction of the incoming lepton. In this frame, the
target nucleon can be considered to be highly boosted, so that the momentum transfer of
the virtual photon appears to be much smaller than what it would be in the rest frame of
the nucleon. A scale variable x was historically introduced to account for the fraction of
the nucleon’s momentum carried by one of its quark. As a result of the boost, the struck
quark appears to be moving nearly parallel to the direction of the incoming lepton, and

its momentum can be approximated by its longitudinal momentum fraction only.

Sometimes we will talk about the Gamma-Nucleon frame (vN), which is related to the
previous frame but not the same. This frame takes the virtual photon and the nuc-
leon collinear, with zero transverse momentum too. Both elements have opposite mo-
mentum, so this model could be thought as a sort of CM frame between them. The nuc-
leon presents a finite velocity that, in the limit of infinite momentum, comes back to the
IMF. In this system of reference some kinematic variables get a simpler form, easier to

extract from data at analysis time.

We can separate the kinematic variables observed in a SIDIS process in two groups re-
lated to the particle they are associated with. First, we get the leptonic variables, related
to the upper half of the diagram of Figure 3.1. Listed below, a brief description of their

interpretation and, in color, their usual representation in the lab frame are given.

o (Q*: Known in some texts as virtuality. It is an invariant quantity associated with the

virtual photon 4-momentum. In our notation, ¢ = k — k'. Since virtual photons
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are off mass shell their invariant mass is not zero. Its value is negative and, for

simplicity, we work with a positive version of it.

0
Q* = —¢°= 4FL' sin2(2) (3.6)

¢ v: It’s an invariant quantity by construction. However, its common interpretation
as the virtual photon energy is true only in specific frames. We can apply this
interpretation in the lab frame.

p-q

W: E/ - E (3'7)

V=
o xp: Named X Bjorken, is an invariant that is not independent of the other leptonic

variables. In the Breit frame it gets its usual interpretation as the fraction of mo-

mentum given to the struck quark in the partonic model (more on this later).
Q* Q’
2p - q: 2Mv

Ty = (3.8)
o 1. Invariant quantity similar to the x Bjorken. In the laboratory frame it gives the

fraction of the energy that is given to the virtual photon.
_pb-q v

= = — 3.9
p- k Ek: ( )

Yo
The second group has the hadronic variables. Some of them are exclusive of the semi-

inclusive regime. The information is listed as in the previous case.

¢ Zy: The mathematical definition suggests an interpretation as the comparison
between two components from the struck nucleus, the numerator given to the fi-
nal hadron and the denominator from the virtual photon. The laboratory frame
provides a direct interpretation: it quantifies how much energy the hadron got

from the virtual photon.
_Pph L
pP-q v

Zn (3.10)

o P?: The transverse component of the hadron’s momentum (squared) with respect

to the virtual photon direction (in the v/N frame). Since it is orthogonal to the
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Figure 3.2: Depiction of the v N frame with z pointing down in the direction of the virtual
photon. The hadronic variable ¢p(, is defined as the angle created between the detected
hadron and the scattered lepton. Taken and modified from [5].

Lorentz boost directions, it’s an invariant quantity. A usual approximation relates

it with the expected quark transverse momentum in the same frame, by following

(P?) ~ 2} (k) + (P1) (3.11)

where k; is the transverse component of the quark momentum with respect to the
virtual photon and p, is the transverse component of the hadron with respect to
the quark direction.

¢ pg: Azimuthal angle produced between the hadron’s direction and the scattered
lepton’s plane. It’s defined in the v N frame, with the standard positive z axis given
by the virtual photon’s direction of propagation. See Figure 3.2 for a depiction of
the definition.

W?: 1t is the invariant mass of the whole resulting hadronic state after interaction.

In elastic processes is equal to the target mass but it is larger in DIS.

W? = (p+q)*= M? - Q* +2Mv. (3.12)

In general each particle needs four parameters to be fully characterized. Since on-

shell particles have a fixed mass this number is reduced by one, leaving a total of three

per final state particle. A SIDIS process is interested in two particles only, a lepton and a

hadron (an electron and a charged pion in this study), which leaves six parameters to be
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determined. In addition to this, unpolarized SIDIS processes have an angular symmetry
associated with the scattered lepton that can be treated as a free parameter. Without
loss of generality, this parameter can be fixed so that the lepton is described by only two
parameters and the hadron by three. Every hadronization process of these characterist-
ics can be completely understood knowing these five values. It is customary to choose
@Q* and v or x, as leptonic variables and Z,,, P?, and ¢ pg as hadronic ones. Chapter 7 has

the final selection of variables for this study as well as the binning selection.

3.4 Full SIDIS cross section

Further improvements to the cross section of Equation 3.5 could be added. Higher order
corrections with quark and gluon loops, polarized particles, and more refined considera-
tions are not included yet. This is not an easy task, though, because their implementation
would require more sophisticated techniques. We begin by presenting a naive but effect-

ive idea, the parton model.

The parton model was developed by R. Feynman and is an intuitive model for under-
standing the internal interactions that lead to hadronization. The idea is a semi classical
approach that assumes that nucleons are composed of fundamental entities collectively
called partons. These elements follow the rules and properties of QCD mentioned in Sec-
tion 3.2. For obvious reasons this is not the whole story and the approach might seem
very limited. While its introduction could be regarded as a toy model, impressive results
were obtained within this framework. For instance, we can obtain a term that is a crude
version of the first gluon corrections associated to the Cahn effect (introduced later in
this chapter). Partons are generally defined in the infinite-momentum frame, where the
fraction of the momentum carried by the parton is x, later demonstrated to be the same
as the x;, defined in SIDIS. This last discovery helped in recognizing partons as quarks

and gluons.

Asymptotic freedom allows us to identify the individual components of the nuclei
when they are at low energies. Customarily, @Q* > 1 GeV is the energy limit for a virtual

photon in DIS to resolve the inner structure of nucleons. Since a point-like component
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is not too realistic due to QM, we extend the idea of quarks to be distributed inside the

nucleon, with a distinctive function called Parton Distribution Function (PDF).

The full set of mechanisms by which hadronization works at a fundamental level is not
fully understood. Under certain requirements, we can apply what is known as the factor-
ization theorem. This theoretical tool consists of a factorization of the SIDIS cross section
into a product of a hard scattering coefficient, accessible using pQCD, and a soft partonic
structure function, that describes the probability of finding a quark or gluon with a cer-
tain momentum fraction inside the nucleon (this is related to the PDFs). Among the con-
ditions needed, the momentum transfer, associated with the virtual photon momentum,
should be large enough to permit a reliable pQCD estimation and final state interactions
should be weak to avoid a complicated description. Having that done, we can factorize
both hard and soft components and separate the soft part in its contributions from the

PDFs and a probability of decay called Fragmentation Function (FF) [6].
F(Q27 Z, Zh) - Z HZ(Q2)sz(CU7 QQ)Di—ﬁL(wa Qz)a (3-13)

where the sum i is over all quark flavors, H; is the hard part (usually written explicitly),
[ is the PDF for the parton i in the nucleon N, and D;_,}, is the FF, which describes the

probability of a parton i fragmenting into a hadron h.

One might wonder why there is a lack of P, dependency in Equation 3.13. This is be-
cause it’s customary to get the general expression with the momentum already integ-
rated to avoid extra model dependencies. The formula may get this dependency back by
noting that [7]:

F(Q2, 2, 7)) = /dthF(QQ,x,Zh,Pf) (3.14)

X Z/dzktdQPL(s@)(Pt — Znki — P [N (2, k) Disn(Zn, p1),  (3.15)

where the Q* dependency at the end has been omitted for ease of reading.

A redefinition of the structure function with the explicit P? dependence needs some
assumptions. Introducing Transverse Momentum Dependent (TMD) functions as a factor
that is added to the PDFs and FFs in order to include the momentum dependency. This

separation requires an ansatz for the function to be meaningful, though. The usual se-
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lection is a Gaussian spread with the internal quark transverse momentum k; and the
pure hadron contribution p; associated with the PDF and the FF, respectively. A general
implementation of this expansion is shown in Equation 3.15, and the usual ansatz can be
found in Equations [13] and [33] of [7]. Both contributions could be mixed into a single
function that uses the approximation of Equation 3.11 as characteristic parameter (the

distribution’s standard deviation).

These momentum considerations will help in giving a more detailed form of the dis-
tributions. The spin of the inner components of the nucleon also play a role that can’t be
dismissed and could be accounted for by TMDs. As part of the jargon, we define the term
twist as the size of a contribution that has come from a P, and spin expansions. Those
sizes are usually expressed as powers of 1/@Q), but depending on the momentum regime
the definition gets slightly loose. For instance, at low momentum a n-twist contribution
is a term that goes as a power of 1/Q" 2, which is not the same as the one defined at
high momentum [8]. These discrepancies are not of interest for us and from now on we
will refer to twist as in the low momentum definition. Some theoretical work has been
developed for accounting the use of the twist terminology in nuclear media. The expres-
sion’s expansion is still reliable, though differences in the order of magnitude of higher
twist contributions are visible. Multiple parton scattering is regarded as a possible source

of this enhancement with increasing nuclear size [9].

The soft elements (PDFs and FFs) are expected to be unique for each nucleon, so factor-
ization gives us a mechanism for acquiring sub nuclear information. Experiments with
a simple environment are used to extract the functions associated and characterize the
medium. These values are fully experimental and would be used as input for more com-

plicated studies.

We stress that the use of TMD factorization is limited. One way of getting more con-
fident about whether TMD is reliable or not is to check the region of production of the

hadron. Three regions can be found, defined in [10]:

o Current Fragmentation Region (CFR): The hadron is produced from a quark that
interacted with the virtual photon. This is the framework where TMD is suitable

to correctly describe the PDFs and FFs.
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o Target Fragmentation Region (TFR): The hadron is produced by a quark from the
nucleus. Factorization could be used but the process is dominated by Fracture Func-
tions that are not widely studied.

o Central (or Soft) Fragmentation Region (SFR): The hadron is produced by an in-
termediate process, this is, by higher order events such as gluon interaction or
secondary internal events. Some sort of middle-step factorization might be used,

but no precise information is known.

The CFR region has received the most theoretical attention and would be the ideal start-
ing point for an attempt to extract the full structure functions. Depending on the ener-
gies available for an experiment, the regions may be more or less separated, so overlaps
of the two former regions are likely. Though highly dependent on the energies of our ex-
periment, a rough cut of regions could be done by analysing the rapidity of the hadron.

A study related to this topic will be carried out in Section 8.3.2.

The non-existence of a complete model for the internal hadrons’ creation process
makes it challenging to simulate them. One of the most known models is the so called
Lund string model. At short distances the potential of the strong interaction follows a
Coulomb-like form, while at high distances it is found to increase linearly. In this last
scenario, the model adds color tubes (or strings) that join the partons and get stretched
[11]. At sufficiently high distance, the tubes get so thin that they get cut and a pair of par-
tons with zero net color is created. With this simple idea, event generators such as Pythia
have reproduced the hadronization process with successful results [12], even predicting

reactions such as particle jets formation at high energy collisions.

With all definitions given above, we can get an idea of the process of derivation of a full
formula for the unpolarized cross section. The development can be closely followed in
[13]. The most general cross section formula that includes the polarization contributions
of target, lepton, and virtual photon consists of 18 terms. Although more complete than
our previous estimations, this is still just an approximation at twist-2 and twist-3, the

usual higher level of interest.
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where (z,y, 2, on, P?) = (2, U, Zn, ¢pg, P?) in our notation, ¢g is the angle formed
by the target’s spin vector S with respect to the leptonic plane, € is the ratio of longit-
udinal and transverse photon flux, and A, is related to the longitudinal polarization of
the incoming lepton (\. = 1 corresponds to a purely right-handed beam). The structure
functions F}; , gets the information of the polarization of the beam i, the target j, and
the virtual photon k& when needed, taking values L for longitudinal, T" for transverse, and

U for unpolarized; I shows explicitly the ¢p¢ function associated to the term.

We won't focus on all of the terms, but we will discuss a bit about the first lines of
Equation 3.16. The first two terms, independent of ¢ p(, are different due to the polariz-
ation of the virtual photon. Free photons would contribute only to the first term, so the

longitudinal component is attributed to the off-shell state.

The next term (ox cos ¢ppg) is formally known to be composed of at least two terms
at twist-2 and twist-3. These are known as Cahn and Boer-Mulders terms, respectively.
The former could be obtained in different ways, the simpler is by adding the intrinsic
momentum of the quark inside the nucleon (similar to the so-called Fermi motion) as a

Gaussian TMD function. At first order we will find a term that is an approximation of the
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twist-2 form obtained in a more worked out way (see Equations (32-38) in [14]). The latter
term is a bit more intricate, since it arises from the coupling of the internal spin of the
quarks with the whole target. There might exist a net polarization that is perpendicular
to the whole-nucleon and quark directions, even though the overall distribution has null
polarization [15]. An effect is produced over the final hadron, accompanying the cos ¢ pq
at twist-3 level. Moreover, a new contribution at twist-2 proportional to cos(2¢pg) is
found. This later is of special interest since a non-null contribution would be likely a

confirmation of the Boer-Mulders description [16].

The remaining terms are not of interest for us from now, since we will care about un-
polarized components only. The final form of the formula for cross section will be a
simplification for unpolarized targets and beam [8] that reduces the cumbersome rep-
resentation given. Note that there is a change in the kinematic variables to match the

experimental selection®. We will work with:

d°c
=A+B 2 1
102z, d PP ddrg + Bcos(¢pg) + C cos(2¢pg), (3.17)

where all four variables apart from ¢ pg are implicit in the factors A, B, and C.

*The v dependency might be changed to x;, depending on the study. We will discuss this selection in
Chapter 7.
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Chapter 4

Experimental setup

The energy a particle accelerator can reach defines the physics that could be studied with
it. Different ways of tuning these values exist, however. This fact leads to the appearance
of several configurations for accelerators in order to better fit the physics requirements

of a specific process under study.

Among others, the accelerator’s geometry is one of the principal visual differences.
We find linear and circular accelerators as the main geometries in laboratories around
the world. The former is usually presented as a straight tunnel, being the most common,
but space-optimized configurations also exist and will be discussed in this chapter. As an
example of a linear accelerator (LINAC) we find the Stanford Linear Accelerator (SLAC)
in California, USA. On the other hand, the Large Hadron Collider (LHC), at CERN, is one

of the most known circular accelerators.

Both configurations present their own advantages and disadvantages. Firstly, the shape
of a LINAC restricts the study to stationary target experiments mainly, while circular
ones can be used for collision experiments as well as fixed target. This distinction also
affects the energy regime since, at center of mass level, the energies obtained in a collider
are doubled with respect to LINACs and the space required to produce the same energy
beam is significantly lower in circular accelerators. On the other hand, a circular ma-
chine can’t avoid the production of synchrotron radiation, which affects light particles
the most. This last point explains why LINACs are desirable for electron experiments,
while circular ones work with heavier particles such as protons. One last remark is the

interaction length, that for fixed target experiments rely mainly on the target thickness
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and, for beam collisions, depend on the bunch frequency (a higher rate will produce more

interactions).

Despite these differences, every accelerator is composed of the same fundamental ele-
ments and needs a group of specialized detection devices to correctly identify a particle
track. A description of the accelerator facility used for the experiment and its compon-

ents is developed in this chapter.

4.1 The accelerator CEBAF

The Continuous Electron Beam Accelerator Facility (CEBAF) is a linear electron accel-
erator and the main facility at the Thomas Jefferson National Accelerator Facility (also
known as Jefferson Lab or simply JLab) in Newport News, Virginia, USA. This accelerator
has been used continuously since its first run in 1995, and has received some upgrades
along its life, beginning with a maximum beam energy of 4 GeV up to the current 12 GeV
that has been recently implemented. Despite its 'racetrack’ shape (see Figure 4.1), the ac-
celerator is considered a linear one, bent up to five times per side (ten curves in total)
which makes it more compact. The experiments are located in halls coupled to the ends
of the linear portions, where the structure begins to bend. There are four experimental
areas, three of them since the beginning of the laboratory functions labelled from A to
C in one side and the newest one, Hall D, inaugurated in the 12 GeV era, located in the
opposite side. Each of them gathers different research groups developing diverse nuc-
lear physics analyses of topics such as hadron spectroscopy or production and decay of
light mesons, with detectors specialized for these purposes in their respective hall. In

this work, we will focus on the Hall B specifications.

The CEBAF generates an initial electron beam with a frequency of 1.4971 GHz, match-
ing the frequency used in the accelerator magnets. The beam is said to be continuous,
but in detail it is composed of electron bunches of 2 ps length separated by intervals of
around 2 ns. This could produce beams with a luminosity of around 10%® cm—2s~! at the
time of performance of our experiment. However, this quantity is split in the differ-
ent halls and limited by the maximum detection rate of each individual detector. This

provided a maximum luminosity of 2 x 103* cm~2s~! in Hall B.
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Figure 4.1: Depiction of CEBAF facilities with the new 12 GeV upgrade.

Certain experiments required the use of a polarized electron beam also. The CEBAF was
designed to accomplish this requirement, with the capability to supply highly polarized

as well as non-polarized beams.

4.2 The CLAS detector

The CEBAF Large Acceptance Spectrometer (CLAS) detector is a fixed target particle-
detector installed in the Hall B and the main interest of this thesis. It is compounded
of several layers in an onion-like distribution. The structure can be separated in three
main regions, going from inside to the outer layers, and in six sectors around the forward
beam axis. From now on, in the laboratory system of reference, we define the z axis as
going along the beam line, setting the zero in the center of the nutshell-like structure
and going positive downstream the beam. The other two axes are defined as seen in
Figure 4.3, with y pointing up to the ceiling and = according to the right-hand rule. 1t is
important to recall the convention used for the spherical system of coordinates, where
6 is defined as the angle that moves down from the positive z direction, and ¢ goes from

0° in the positive x direction, increasing positive towards the positive y direction. The

Experimental setup 23



detector was built with a high angular acceptance in mind, covering a polar range of:
8° < 6 < 142° and full azimuthal range (0° < ¢ < 360°), which makes a total angular

covering of around 37 steradians.

Given the actual arrangement of components of the detector, we can separate them by
their distribution along the polar direction in two sets. Firstly, we get the Forward region,
where the predominant interest is in charged particles. A group of detectors are placed in
order to tag them and are specialized in differentiate energetic particles such as negative
pions from electrons, for instance. Secondly, a Large-angle region is implemented for high
transverse momentum particles. It is composed of a smaller number of layers because
we expect less energetic particles to reach here. This region is not a central part of the

study and the emphasis will be on the former.

The whole structure of the detector and the distribution of its components was con-
structed based on the magnetic field generated inside. The main objective of the mag-
netic field is to deflect charged particles towards or away of the forward region of the
detector depending on the charge polarity. Two magnets are installed at different radial
distance inside the shell. The inner magnet is a mini-torus composed of six coils regu-
larly distributed around the beam axis about 1 m away of the beam. This one is of great
interest in studies of lepton-inclusive scattering and fundamental for removing contam-
ination from Meller electrons. The larger magnet, known as the main torus, is also a six
coil array with the same azimuthal distribution, but around 2 — 3 m away from the cen-
ter'. This number of coils, though apparently small, can generate a non-homogeneous
magnetic field sufficiently strong, with a maximum magnitude of integral magnetic field

of 2.5 T - m when working with the highest current available of 3860 A.

The magnets were designed so that the field’s orientation is predominantly azimuthal.
This would produce a deviation of the charged particles’ trajectory in the polar direction,
leaving the ¢ coordinate constant in an ideal scenario. For practical reasons, there is
always another component of the field close to the coils, but it is expected to be negligible
in a great part of the active area and ¢ should not change too dramatically. It’s important

to take care of the sections where this claim is not true, however. Large inhomogeneities

'The coils of the main torus have a diameter of 1 m approximately, so the shortest distance presented
is with respect to the nearest side of the coil.
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Figure 4.2: Magnetic field distribution: Slide in iz plane with field’s magnitude represen-
ted as level curves (left) and xy plane transversal to the beam line with field’s magnitude
represented by the lines’ length (right). Taken from [17].

are observed in the surrounding spaces around the coils as shown in Figure 4.2. This
presents a significant constraint for the rest of the structure. To avoid this effect, the
detector’s layers are built in modules distributed in six sectors covering nearly 60° each
in the azimuthal direction. The sides where these structures meet have a low efficiency
and unmanageable border effects that are not desired and would be dropped from the
analysis. Getting them aligned with the coils reduces the dead zones and maximizes the

active area performance.

The CLAS structure was not constructed with a specific experiment in mind, so it
should be flexible enough to work with diverse configurations. The shape of the system
makes it easy to change between targets and add extra detectors if the study requires
it. Certain experiments may require the use of polarized targets that could be easily af-
fected by electromagnetic fields. This imposes the necessity of a field-free environment

in the center of the detector, where the targets would be located.

4.3 Components of the detector

The detector is sensitive to charged particles with p > 0.2 GeV and photons of energy
E. > 0.1 GeV. The overall resolutions are presented in Table 4.1. These values are ob-

tained after merging the contributions of all the layers.

A description of the different layers, the detectors implemented, and the purpose of

each of them will be presented. More specifications can be found in [17].
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EC: Electromagnetic Calorimeter

Figure 4.3: Depiction of the CLAS detector, its components, and scale reference. The
detector’s layers are presented in different colors: Drift Chambers (DC - blue), Cheren-
kov Counters (CC - violet), Time Of Flight (TOF or SC - red), Electromagnetic Calorimeter
(ECAL - green), and Main Torus (Torus - yellow).

Table 4.1: Overall resolutions of the detector. The difference in the § domain comes from
the different sensors used in the Forward region and at higher polar angles.

Resolution
Momentum (6 < 30°) o,/p = 0.5%
Momentum (6 = 30°) op/p =~ (1 —=2)%
Polar angle og ~ 1 mrad
Azimuthal angle 04 ~ 4mrad
Time (charged particles) | o; ~ (100 — 250) ps
Photon energy op/E ~ 10%/VE

4.3.1 Drift Chamber

The first line of detection is composed of Drift Chambers (DC) in a three-layer structure.
The inner and outermost are positioned in a low magnetic field region while the second
one, in the middle, is in between a couple of magnetic coils thus embedded in a high
magnetic field region. Each of these big-layers is known as a region. All three regions
spans over a polar range: 8° < § < 142°, and they are separated in six azimuthal sectors

each leaving a total of 18 individual DCs. A single DC is composed of two super-layers
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Figure 4.4: Photograph of one of the DC installed at Jefferson Lab (left). Depiction of the
track left by a particle in two super-layers of the outermost region of DC (right). Credits
of the photo to: David Parker / Science Photo Library.

that are a collection of six layers each® of hexagonal wire cells. One of the super-layers
is placed over the other with a 6° tilt perpendicular to the radial direction to improve
track determination. The chambers are all filled with a high purity gas mixture that en-
hances the drift velocity of the interacting electrons to improve tracking and momentum

resolution.

The inner structure of a DC is composed of several wires separated into groups of seven,
arranged in an hexagonal formation plus one at the center. The wires at the vertices are
called field wires and are set at a negative potential. The central one is named sense wire
and is set at a high positive voltage. The voltages are selected such that a charged particle
can ionize the gas through its path in the chamber and an avalanche effect will create a
signal in the sense wire, where electrons are naturally attracted due to the electric fields.
The voltages and gas composition are tuned to give a reasonable recovery time between
interactions, improving the rate of response and thus increasing the number of tracks

detected.

It could be deduced from the last paragraph that a DC reacts only with ionizing particles.
Its main focus is on the detection of charged particles. After a particle leaves its track in
the detector, the signals generated can be correlated using specialized algorithms of re-

construction. Because the second region is exposed to high magnetic fields, the charged

The only exception is the inner region with four layers instead, due to space limitation.
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Figure 4.5: Cherenkov Counter.

particles will be highly deflected and its momentum can be easily found by the use of

Lorentz’s law over the curvature of the track.

4.3.2 Cherenkov Counter

In the forward region of the detector, behind the DCs, we find the Cherenkov Counters
(CC). They are mirror-like structures with a geometry carefully design to focus the radi-
ated photons into a photo multiplier tube (PMT). The whole array of CCs covers a polar
range that goes from a few degrees up to § < 45°, and it follows the same azimuthal
structure of sectors seen. To improve the polar resolution, eighteen (18) pairs of CCs are
placed along the polar domain in each sector. The pairs are a mirror image of each other,
joining in the middle of each sector (see Figure 4.5). This leaves a total of 216 individual

CC.

The principle of operation of a CC is based on the well known Cherenkov effect that
occurs when a charged particle passes through a dielectric medium at a velocity higher
than the light’s velocity in that medium. When this happens, the electromagnetic radi-
ation emitted by the particle generates a wave front with a characteristic angle that is a
function of the refractive index of the medium and the particle’s velocity. This velocity

can be found indirectly by measuring the signal recorded by the PMTs.

In order to get an optimum efficiency, the PMTs are placed behind the magnetic coils.

This takes advantage of the dead zones with low efficiency in the vertices of the hexagon
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Figure 4.6: Time Of Flight system presented with the beam direction at the bottom. Note
the different angles of the layers, specially at forward direction.

created by the six sectors, where the particles are hardly detected. The effects the mag-
netic fields could produce on the PMTs are significantly reduced by the use of special

cases known as magnetic shields.

The CCs are of great importance in the detection of electrons because we can easily
discriminate between them and other negative particles such as negative pions. This is
possible due to the difference in the energy required by the particles to begin radiating
in the chambers. For instance, electrons start to emit Cherenkov radiation when getting
energies of 0.9 GeV in contrast to negative pions that begin around 2.5 GeV. This re-
stricts the range of application of this detector to the forward region, where the more
energetic particles are, but presents a clever way of easily differentiating between sim-
ilar particles. Because of the clear determination of electrons we use this detector as a

trigger for events.

4.3.3 Time Of Flight

The Time Of Flight (TOF) detectors are placed after the CC in the forward region (6 <
45°) and behind the DCs in the large-angle region (45° < 6 < 142°), fully covering the

azimuthal direction.

The TOF system is composed of several rods made of a scintillating material with a PMT
in both ends, joined in arrays forming planes. One of these planes covers the forward

region and three are in the remaining polar zones. These layers are placed one per sector
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Figure 4.7: Electromagnetic Calorimeter: layers detail (left) and example of triangulation
of track reconstruction (right).

and positioned perpendicular to the average particle direction in each section (as seen
in Figure 4.6). They interact with ionizing particles, generating a light signal amplified
by the PMTs that is used as a timestamp for the track. Its velocity is easily found as long

as we have a good estimation of the total track length.

The dimensions of the rods are variable, depending on their position. Since the planes
have a triangular shape in the forward region, the length of these bars vary between 32
and 376 cm. The remaining planes, forming a barrel around the center of the detector,
have a similar length to the longest one in the forward region. Every rod subtends a polar

angle of around 1.5°.

The timing resolution obtained by the counters depend on their dimensions but are
in the order of the hundreds of ps (values of 60 - 120 ps have been found). This make
time measurements very precise, improving the identification of leading-process and
sub-leading-process particles. The timing discrimination has been useful to differentiate

between pions and kaons, for instance.

4.3.4 Electromagnetic Calorimeter

The last layer of detectors is composed of Electromagnetic Calorimeters (ECAL), placed
in the forward region behind the TOF system and spanning over a polar range similarly

to the other forward detectors (6 < 45°) and ranging over the whole azimuthal domain.
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There is one module per sector, giving a total of six, each with 39 layers of scintillators
and lead stacked in a sandwich-like composition. The layers have a triangular structure,
almost equilateral, with a cut in the portion that is nearer to the beam line (low #). The
total thickness of the detector is 16 radiation lengths. The layers are made of two mater-

ials: 10 mm thick scintillators and 2.2 mm thick lead sheets.

Similarly to the TOF system, a group of parallel scintillator rods are joined to create a
layer, with PMTs at each end placed behind the magnetic coils. To get a better position
reconstruction each layer is rotated 120°, parallel to one of the three sides of the trian-
gular structure in an alternate pattern. The different orientations are labelled as U, V,
and W, and the module has 13 layers of each. Sheets of different thicknesses are used,
grouping the first 5 with the name of inner layers and the 8 remaining called outer layers.
This distinction is useful to better reject 7~ contamination and for other applications

like neutron detection.

When an ionizing particle passes through the ECAL, it generates a signal in the scin-
tillator system. Then, it will interact with the sheet of lead, radiating and reducing its
energy. A dense material such as lead is required since this would produce a higher prob-
ability of interaction, improving the effectiveness of the system. A shower of particles,
mainly electrons and photons, is generated after the interaction. This shower will leave
several tracks in the next scintillator layer and, after this, will interact with another lead
sheet. The process is repeated until the initial particle has released all its kinematic en-
ergy or exits from the back of the detector. Whatever happens first, the final energy of
the particle will be lower and we can trace back its path using the scintillators’” inform-
ation. Moreover, the pattern of energy loss is characteristic of each particle type. This

presents another method of particle identification.

The ECAL is mainly used for triggering electrons as well as the CC. Only electrons with
energies above 0.5 GeV can be reconstructed by this detector. Neutral particles such as
neutrons and photons also can be registered, with a threshold of energy of 0.2 GeV. This
is useful in the reconstruction of processes involving 2v decays, such as for 7% and n

mesons.
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4.4 The Eg2 experiment

The process of data taking was performed following the requirements and descriptions
given in [18]. The main feature of this setup is the implementation of a double target

system in the center of the detector.

The double target apparatus is the support structure where samples of diverse mater-
ials are located. The samples are solid disks made of Carbon (C), Iron (Fe), Lead (Pb), Tin
(Sn), or Aluminum (Al) and an extra liquid target of Deuterium (D). Every solid disk has
approximately 3 mm of diameter and a thickness chosen to be less than 3% of the radi-
ation length of the material. A similar number of nuclei are expected for each disk, thus
their different dimensions. The liquid deuterium is 2 cm long and is stored in a special
case with refrigeration, where its properties are barely changed. Only one solid target is
present at a time with the liquid target. A thin aluminum layer is placed in the middle
between targets too. Both targets are located with a separation of 4 cm, in order to min-

imize acceptance issues. The two targets are aligned with the beam line, deuterium first

and the solid disk behind.

At running time, all of the solid targets are placed in ‘metallic fingers’ around the beam
axis, as seen in Figure 4.8. They are remotely controlled to be positioned in the beam line
one by one. To reduce second scattering processes and background sources, the rods are

bent so that the unused targets are aligned with the dead zones of the detector.

This setup was proposed to make different studies of hadronization with nuclear me-
dia, using the simple deuterium medium as reference. An unpolarized beam and tar-
gets were required to simplify certain quantities such as cross sections. In practice, the
beam had less than 5% of polarization. The advantage of a system with two targets is
the reduction of uncertainties given by systematic effects. Whenever we are interested
in quantities that depend on ratios between the two targets, luminosity factors should
be introduced. However, this configuration produces a direct simplification of them, re-

moving the source of uncertainty.

The magnetic field needs to be tuned with a polarity such that negative charged particles
get in-bend deflected, this is, towards small 6 values. Although this gives a higher rate
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Figure 4.8: Double target support structure with deuterium target’s case at the center
and one of the solid targets aligned with the beam, attached to the top finger.

of electrons in the forward region, where we can detect them in a more precise way, a
significant number of events is still lost if they reach low acceptance regions. This prob-
lem was solved by moving the targets from the very center of the structure to negative
z values, away from the forward detectors. The final position in z of the solid and liquid

targets is around —30 cm and —26 cm, respectively.

At analysis time, a misalignment in the beam with the definition of the origin of the
xy plane was found. A deep study on this was developed by T. Mineeva [19] with valuable

results. This issue will be covered in Section 5.2.5.
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Chapter 5

Data management

The process of data taking was performed in three separated groups of runs at different
beam energies (4.0 GeV, 4.5 GeV, and 5.014 GeV) between Summer of 2003 and March of
2004. The third campaign, with the highest energy, collected the largest set of statistics.

This is why we chose this set to develop our studies.

The targets tested in this run were Carbon, Iron, and Lead, with their respective liquid
Deuterium companion upstream. The triggering and storing of data processes are per-

formed in several steps both online and offline. A description of it is explained below.

The offline reconstruction uses the online triggers as inputs plus extra quality cuts in
each component. The reconstruction used in this analysis is known as pass2 and will be
presented too. Later, a description of the selection rules for the fine Particle Identifica-

tion (PID) is also shown.

5.1 Data processing

The direct interaction of the beam with the targets is expected to generate a huge num-
ber of particles. Unfortunately, this is not the unique source of them. Background could
be produced from astroparticles, external sources, or unwanted interactions with the
experimental structure. Moreover, all of them could create a signal in different compon-
ents of detector and there is always chance for noise produced by electronics. All of this

must be considered to optimize the recording of data.

Saving every single response is impossible due to limitations on the storage space. Ad-

ditionally, a sophisticated online selection is not manageable because of the limited ve-
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locity of processing and the rate of interactions. Also, cutting too tight on the selection

of events would impact on the record of false positive and miss events.

The solution to this problem was to divide the process of data collecting in several
steps. The essential information is stored as raw data, with a first selection based on
the detector’s response and its quality. Simple matches between different components
are applied too in order to reduce the effect of random signals. The resulting data set
should be larger than the ideal one. Nevertheless, an offline pruning process is expected

to improve the quality of the final sample.

The Data Acquisition System (DAQ) is responsible for saving the events and to pro-
cess them. The DAQ begins with a two level triggering system and a subsequent offline
reconstruction known as cooking. The Level 1 Trigger receives as input a simultaneous
signal with a certain threshold coming from the ECAL, CC, and TOF detectors. If there
is a coincidence signal in more than one component inside a defined time window, the
event is preliminarily accepted. For the first lepton found, this response is presumably
the scattered electron. The positive signal is sent to the Read-Out-Controllers (ROCs),
where a specific criteria is followed to determine if the hit is actually a real event or if it

comes from another source.

The Level 2 Trigger is accessed only if the first level was successful. The DC informa-
tion is computed to find the best candidate for a track using different reconstruction al-
gorithms. If a positive result is obtained the event is sent to the Event Builder (EB) where
the information from all of the detectors is gathered and stored in banks. On the other
hand, a negative result would be registered and the Level 1 would be repeated search-
ing for new triggers. After the EB action, the Event Recorder (ER) and Event Transfer
(ET) processes are in charge of writing the data into the Redundant Array of Inexpensive
Disks (RAIDs). The quality of the measurements is monitored and transferred later to the
magnetic tape, known as silo. Everything saved in this structure is permanently stored.
Each run creates a separate file with around 10 million events. The raw data is saved in

Bank Object System (BOS) format and it is set ready to access for future manipulations.

The second half of the DAQ is performed offline in three steps. Firstly, a calibration of

the signals from the detector subsystems is carried out. The information gathered by the
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Analog-to-Digital Converters (ADCs) and Time-to-Digital Converters (TDCs) are used to
determine the energy deposited in each component and the time of the hit, respectively.
Secondly, the calibrated signals are stored again in BOS format, making use of the Simple
Event Builder (SEB). Geometrical matching and timing tracking are utilized to generate a
preliminary Particle Identification (PID). This PID, however, might be considered a crude
version and should be regarded as an initial reference only. Further stages will improve
this selection based in refined methods. The last step in this chain consists in passing the
BOS output file through the offline event reconstruction software (RECSIS). The informa-
tion gathered by the sensors, such as charge deposited, momentum and energy of a track,
and timing stamps, are written in a more friendly readable way. The processed data can

be saved in different formats, being BOS banks and ROOT ntuples the most widely used.

The cooking process was initially performed by Lamiaa El Fassi and Lorenzo Zana in
2005. Later, in 2009, Taisiya Mineeva recooked the full data set due to several changes
in the tracking and reconstruction procedures. These changes led to an improvement in
the amount of statistics of nearly 50% in electrons and doubled the pion counts. Further

information about the whole cooking and previous steps can be found in [19].

After the last cooking, the data was stored in ROOT files in a standard format referred
to as ClasBanks, a set of classes defined in ClasTool. For easiness in the study, these files
are reprocessed one last time. The content of the tuples is pruned with a proper PID
according to previous works [1] [20] and translated to a vectorial-tuples format. A pro-
gram called GetSimpleTuple (GST)* developed by J. Lépez and A. Bérquez makes this process

faster.

The GST program has the electron and pion’s PID cuts implemented. A matching pro-
cess relates a prompt electron, the first lepton detected of a bunch, with hadrons, fer-
mions, and photons. These particles are considered candidates of being produced by the
direct interaction of the electron with one of the targets. A ROOT TTree stores the relevant

information of these particles in the following form:

¢ The scattered electron’s information is saved as an entry with several branches.

1Github repository: https://github.com/utfsm-eg2-data-analysis/GetSimpleTuple/tree/csanmart/analysis-
pion-phipq
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These branches have information from different levels, such as momentum, en-
ergy, kinematic variables of it and of the virtual photon like Q?, v, x;, detector
coordinates, among others.

¢ The candidates are also saved but already matched to the electron they could come
from. A vector-branch for each variable of the candidate is saved, with informa-
tion of their energy and momentum, Z;,, v — p frame’s variables such as ¢ p¢, and
the result of the PID using the Particle Data Group (PDG) numbering scheme. This
means that every electron will have a set of vector-branches with as many elements

as particles are associated to its initial interaction.

A crucial step in the offline reconstruction is a proper particle identification. New se-
lection rules have presented samples with improved statistics and quality, as seen for
charged pions for instance. A deeper explanation of the cuts used in the identification
of electrons and positive pions for this analysis will be given. These selections were pro-
posed and implemented in previous studies with remarkable results. The GST version
utilized in this study has some updates with respect to other works [21]. The changes
are introduced in order to be in line with the final selections implemented in the latest

Analysis Note of the group [22].

5.2 Electron identification

A correct electron identification is crucial for the rest of the analysis since this will be
the starting point of an event. A mis-identified electron could lead to a group of particles
paired to the incorrect prompt lepton. We work under the assumption that the first

electron of a bank is the scattered one.

The process begins by getting access to the data, saved in the silo. The data is read
with the help of the ClasTool framework, that mimics the structures of the BOS banks.
Firstly, from the ClasTool format, the response of every detector is saved as a number in
reference to the quality of the measurement. Each bank has as many rows as particles
with a track in the detector. The element must fulfill the following requirements to be

preliminarily recognized as an electron:
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Figure 5.1: Fiducial cuts on DC.

It is the first element (row 0) in the bank.

The quality of the response in every detector (this is: DC, CC, TOF, and ECAL) must

be greater than zero.

The DC must get a positive outcome in both Time Based Tracking (TBT) and Hit

Based Tracking (HTB) during the reconstruction process.

The charge associated to the track must be negative (this is done by observing the

direction of bending of the track in the DC).

Note that these initial rules were demonstrated to be insufficient to properly address the
event as an electron. Certain detector effects, such as inefficiencies or track reconstruc-
tion issues, as well as the presence of other particles that could give a positive signal with

this selections, make the identification more difficult.

In consequence, a long process of refinement has been developed to reduce these un-
wanted events. Cuts on the edges of the sectors, vertex cuts to limit the position of the
initial interaction, and other methods have been studied and have presented a signific-
ant improvement in identification. A detailed overview of the selections is given in the

next subsection, ordered by detector.
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Table 5.1: Lower limit of the number of photoelectrons saved in the CC detector per sec-
tor. Extracted from [22].
Sector | 0 | 1| 2|3 ] 4|5
n | 25(25|26|21]28)|28

5.2.1 Drift Chambers (DCs)

The six-sector structure of the system in the forward region has intrinsic dead zones in
the gaps between layers. These zones should be uniformly distributed in the azimuthal
direction, separated by 60° of each other, with a small length. However, effects on the
edges of the active areas are not negligible and must be carefully studied. A rigorous
method for removing these inefficient sections was performed in a previous Analysis
Note by L. Zana [23]. They are known as fiducial cuts and restrict the laboratory coordin-
ates 0 and ¢ per sector. Note that this also removes the most-forward region (low 6)

where energetic particles are not well reconstructed.

5.2.2 Cherenkov Counters (CCs)

The readout of the signal in the CC uses PMTs, making the response very sensitive to any
other source of electromagnetic radiation. Fortunately, the main source of contamina-
tion comes from negative pions that are minimum ionizing and can be easily spotted by
the number of photoelectrons recorded. A peak at low count values is attributed to this
contamination. Better results were observed by removing the peak sector by sector us-
ing a slightly different threshold. For practical purposes, the number of photoelectrons
stored internally is 10 times the actual measurement. We will use this definition and

omit the factor for ease of reading.

The final cut requires

Nphe >n, (51)

with n presented per sector in Table 5.1.
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Figure 5.2: Fiducial cuts on ECAL.

5.2.3 Electromagnetic Calorimeter (ECAL)

Similarly to the DCs, a fiducial cut is implemented at the edges of the ECAL layers, where
low efficiency is expected. Depending on the orientation of the layer we define a cut in
its coordinate system. The position of the hit is defined perpendicular to the scintillator-

bars.

Using the labeling given in Section 4.3.4, the cuts have the form (in cm units):

40 < U < 410, V < 370, W < 405, (5.2)

and their effect can be seen in Figure 5.2.

The two sets of layers in the ECAL (inner and outer layers) will be useful in the removal
of less energetic candidates. We denote the energy deposited in each group with the
names F;, and F,,;, respectively. Negative pions are the main source of contamination
and in this section of the detector they can be considered Minimum Ionizing Particles
(MIPs). This means that they are in a minimum region in the energy loss curve and, for
all practical purposes, can be studied as if depositing an almost constant rate of energy
through their pass in the inner layers. This feature will be exploited to remove the 7~

contamination with the next two restrictions:

1. E;, > 0.06 GeV: This cut ensures that MIPs are removed. It is very effective since
the 7~ can be easily differentiated from the electron track as function of the energy

deposited in the calorimeter.

2. Eo > 0: Since electrons should be energetic enough to still being alive at the
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Figure 5.3: Energy cut on inner and outer regions of ECAL.

outer layers, this cut prevents contamination from low energetic particles, in line

with kinematic restrictions presented later.

Using the momentum information extracted from the DCs, some extra conditions can
be established for the energy-momentum ratio. Previous studies based on CLAS Geant
simulations (GSIM) have demonstrated that the energy-to-momentum ratio for electrons

should give values around 0.27. This number will be our reference.

The first condition relates both FE;, /p and E,,;/p ratios. Their dependence should lie

between a band as seen in Figure 5.3, giving the general cut form:
Ez'n =+ Eout
0.27

ap < < asp, (5.3)
where the parameters a; and a, are found from a fit to the data in order to remove events
that are far from the expected response. Moreover, a sector dependent study showed
better results in reconstruction efficiency, leading to a total of twelve parameters to be

determined.

The second condition is applied over the total energy in the ECAL. This quantity is

expected to depend on the momentum in a linear way, giving the form:

E tot

0.27

bip + by < < bsp + by. (5.4)
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Figure 5.4: Energy cut on total energy of ECAL.

Similarly to the previous cut, the b; parameters are established by inspecting Figure 5.4

in a sector dependent basis.

The final values obtained for both cuts are presented in Table 5.2.

Table 5.2: Energy-momentum ratio parameters for data per detector sector. Extracted
from [22].

Sector | a; Qs by bo b3 b4
1 0.75 | 111 | 1.05 | -0.46 | 1.05 | 0.18
0.75 | 1.11 | 1.05 | -0.46 | 1.05 | 0.18
0.84 | 1.19 | 1.11 | -0.43 | 1.11 | 0.18
0.83 | 1.15 | 1.07 | -0.43 | 1.07 | 0.18
0.85 | 1.22 | 1.11 | -0.43 | 1.11 | 0.18
0.84 | 1.19 | 1.11 | -0.43 | 1.11 | 0.18

AN WD

Since we have dealt with two definitions for the deposited energy in the ECAL, we will
try to standardize it by working with £ = max(E;, + Fou, Eiot). Another quality cut
denoted as sampling ratio depends on p and presents a smeared distribution with a high-
lighted peak identified as the region of interest, presented in Figure 5.5. In order to im-
prove the selection, we restrict the study to events lying inside a band defined by

‘% — u(p)| < 2.50(p), (5.5)

where both functions 1 and o are functions of p and are determined by a fit to the data.
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Figure 5.5: Sampling fraction in ECAL.

The functions were previously modelled by simulations and making use of the detector

calibrations they were refined to follow the next expressions:

1(p) = c1 + cap + c3p?, (5.6)
d3
o(p) = \|di + o (5.7)

The fit of each function was initially performed by T. Mineeva [19] and revisited by S.
Moran [22]. The values taken in this study come from the latter. It’s important to stress
the fact that the values were obtained depending on the sector and are different for dif-

ferent targets.

5.2.4 Time Of Flight (TOF)

A last cut relates the timing information from the TOF with the ECAL. Since both detect-
ors are placed in a fixed position and the velocity of forward electrons doesn’t change
dramatically, we expect the difference of both time readouts to be approximately con-

stant. Due to fluctuations, its value is assumed to be Gaussian-spread.

More precisely, the selection requires
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Figure 5.6: AT distribution in TOF system.

AT =

< 5o, (5.8)
c c

leear  {
tecaL — Tror — < = TOF)

where t; and [; are the arriving time recorded and fixed path length in the detector 4,
respectively, and o is the standard deviation of a Gaussian fit performed over the distri-
bution. The standard deviation required has a fixed value of & = 0.35ns. The effect of

this cut in the AT distribution is shown in Figure 5.6

According to previous reports, the total effect of applying all these cuts is a reduc-
tion in the counts of 80% to 85%. Given the high statistics of the experiment this is not
prohibitive and the quality of the sample is increased. The same selection is applied for

positrons but with positive charge required.

5.2.5 Vertex correction

Some comments are necessary in regard of the vertex determination. The vertex inform-
ation is of high importance to address the event as a liquid or solid target interaction. As
discussed in Section 4.4, the actual beam was found to be misaligned with the detector

structure, making necessary a shift in certain quantities.

The three coordinates of the reconstructed vertex are saved as x, y, and z. A correc-
ted version of the first two, shifted in the xy plane, is saved as xc and yc. This leads

to a recalculation of z using an extrapolation of the interaction’s location zc. A quality
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cut is performed for the yc variable, restricting it to values of |yc| < 1.4 cm to reduce

background contamination in the zc position.

Even though the remaining entries have a clear vertex, some contamination is still
visible especially from particles coming from the aluminum layer between the solid and
liquid targets. A proper selection of interacting media can be done by adding another

vertex cut on the expected position of the target.

This target determination follows (in cm):

Solid C target : —25.33 < ze < —24.10,
Solid Fe target : —25.65 < zc < —24.26,
Solid Pb target : —25.54 < ze < —24.36,
Liquid D target : —31.80 < ze < —28.40.

The number of electrons is reduced in around 15% from the data over the remaining
events after the detector-cuts. An in-depth explanation of the method used to get these

values and the number of events rejected is presented in Reference [1].

Some post-processing cuts are also applied to restrict the kinematic region and re-
duce contamination. A further cut has been applied in 1/, the mass of the undetec-
ted particles. In order to reduce contamination from delta resonances we require W >
2 GeV. Also, the electron is required to carry a momentum that surpasses the minimum
sensitivity threshold of the detector. The minimum value is slightly raised for purity

reasons to p > 0.75 GeV. This is equivalent to impose the candidate to carry v, < 0.85.

5.3 Positive pion identification

Candidates for electron/positron that have not passed all cuts are included in a second
list of candidates for charged pions. In principle the same analysis should be applicable
to both positive and negative pions. However, the polarity of the magnetic field affects
the trajectory of them in opposite ways and the efficiency of detection with some com-
ponents of the detector is not as good as with electrons. For instance, a detector that gave

a sufficient signal to identify an electrons by its own might not have interacted with a
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less energetic candidate to pion. This forces us to join information from more than one
sensor at a time. Also, the principle of operation of detectors such as the CCs requires
an energy threshold to leave a track, requiring different selection’s criteria at different

levels of energy.
In a similar way to the first requirement for electrons, the ClasTool format must follow:

o There is a correct electron trigger associated with the event (this is, the first ele-
ment in the bank’s row was an electron).

¢ The quality of the response in every relevant detector (DC, CC, and TOF)* must be
greater than zero.

¢ The DC must get a positive outcome in both Time Based Tracking (TBT) and Hit
Based Tracking (HTB) during the reconstruction process.

¢ The charge associated to the track must be positive.

Later, we apply new detector cuts similarly to the exposed in the last section.

5.3.1 Time Of Flight (TOF)

The TOF system extends over a big momentum range (see Section 4.3.3), interacting with
all kinds of ionizing particles. This motivates the definition of a time window between
the detection of the scattered electron and the pion candidate for a correct correlation
of the events. It has been demonstrated, however, that the method must be momentum
dependent. Since the more momentum carried the less time of travel through the TOF,
this hinders the response of scintillators. Also, the interaction of other positive particles
such as kaons or protons produce a peak that, in certain momentum regions, is indistin-

guishable from the pion’s one.

The time correlation’s expression has the form:

[N . N
AT = | 2F — 0 (e, — 7 5.9
mt ( - o ( TOF TOF) ; (5.9)

where oy and t/; are the track length and timestamp of the interaction measured in

“Note the absence of an ECAL signal due to the limitations commented above.
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Table 5.3: Time window limits of AT+ cut with the momentum range of applicability.
A double horizontal line marks the maximum momentum value where the method is
useful. The last rows are used for consistency.

Momentum (p,+) | Tmin | Tmax
GeV ns ns
[0.00, 0.25] -0.70 | 0.70
]0.25, 0.50] -0.70 | 0.65
10.50, 0.75] -0.70 | 0.65
10.75, 1.00] -0.70 | 0.65
11.00, 1.25] -0.55 | 0.55
]1.25, 1.50] -0.50 | 0.55
]11.50, 1.75] -0.50 | 0.40
11.75, 2.00] -0.48 | 0.40
12.00, 2.25] -0.50 | 0.40
]2.25, 2.50] -0.50 | 0.40
]2.50, 2.70] -0.50 | 0.40
]2.70, 3.30] -0.60 | 0.45
13.30, 3.70] -0.60 | 0.50
13.70, 6.00] -0.60 | 0.50

the TOF system for the particle j being the trigger e~ or the 7t candidate, and cand v™"

their respective velocities.

The cut imposes Tmin < AT+ < Tmax, and the 7; values are presented in Table 5.3
with their momentum range of applicability. Note the distinction in the row that ends
in p = 2.7 GeV, which is the maximum momentum value where this method is reliable.

For consistency, the cut is still applied after that value, though its impact is negligible.

5.3.2 Cherenkov Counters (CCs)

High momentum pions (over p = 2.7 GeV) are usually at the forward region and are en-
ergetic enough for leaving a track on the CC. A geometrical matching is required between
the position of the CC and TOF hit, as well as a minimum number of photoelectrons. The
angle subtended by the two hits position must be smaller than 5° and photoelectrons

follow Nppe > 15.

Around 9% of the events pass the successive cuts, making the cuts tight enough for

getting significant statistics.

Data management 47



5.3.3 Vertex correction

Pions coming from extra decays or external processes are not desired and the same idea
of correlating two hits used so far is useful here. We can extrapolate the vertex position
of the hadron and impose this position to be near the scattered electron vertex (after

correction, of course). This relation is expressed as (in cm):

Az = |zg+ — 2ce-| < 3.0, (5.10)

where the electron vertex is corrected as described in Section 5.2.5.

This cut does not impact significantly on the statistics of the data set, so its relevancy

is a matter of consistency.
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Chapter 6

Simulations management

Long before the actual data acquisition, the experiment and its objectives must be spe-
cified in great detail to be approved and to foresee and fix any possible problem on the
experiment regarding the samples, readout system, or detector’s component response.
One of the main tools we have for demonstrating the feasibility of the experiment even
before its commissioning is the use of simulations. Moreover, the use of simulations is
crucial for accounting for any inner source of unwanted signals, making possible to get
a cleaner environment only by optimization. These considerations are fundamental for

this study and will be discussed along this chapter and in the next one.

Different specialized software can be utilized for simulating the interaction of a beam
of particles with a sample of interest. The specifications of the setup are inputs in the
software. The description given in Chapter 4 are followed, requiring an electron beam

and the different media corresponding to the solid and liquid targets.

Among the mostly known programs we find LEPTO and Pythia, which introduce specific
features that make one or the other a better candidate for the study. Pythia was the gen-
erator selected and more information on its capabilities, a presentation of the simulation

set and its characteristics will be described bellow.

In the last section, all the cuts performed are treated in an identical way to the previous

chapter.
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6.1 Simulations and processing

There exist plenty of models and softwares with their own implementation available.
However, regardless of the generator selected, the process for getting the simulation final

files follows this sequence of steps:

¢ Monte Carlo (MC) generation
¢ CLAS Geant simulation (GSIM)
¢ GSIM Post Processor (GPP)

¢ Offline event reconstruction software (RECSIS)

The two former elements (MC and GSIM) are simultaneously implemented. The selec-
ted generator has a physics model for the interactions and restrict what processes are
possible or forbidden. This creates a file using a Monte Carlo technique. Note that every
model has its own limitations thus defining a range of applicability for them. This step is
important since the hadronization process must evolve in a realistic way and should be
properly modelled to be able to represent the quantities of interest for the study in the
most correct form. In other words, quantities such as cross sections, multiplicity ratios,
Pr distributions, among others, in general depend on the input and the interactions that

are available in the generator.

Along with the MC step, the detector response and its impact over the generated particles’
output, like degradation of the signals, must be considered. For instance, recall the po-
sition of the deuterium target upstream. This could induce to extra interactions of the
scattered particles with the solid target that’s in front or the support structure. The in-
teractions mentioned comprise effects such as energy loss, deviation of the tracks, and
radiation of secondary particles. The simulations will quantify them and an optimized

configuration should reduce them to a negligible level.

The detector is implemented using a set of GEANT3 simulation packages for the CLAS
structure, making use of the so called CLAS Geant simulation (GSIM) program. This step
was carefully thought out in advance for the preparations of the data taking campaign.
The packages were initially developed by CERN with their own installations in mind. Nev-

ertheless, adapted versions with the base CLAS spectrometer configuration were created
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by the CLAS collaboration. Furthermore, a package with the double target system was
developed and implemented by H. Hakobyan. For the sake of simplicity, the only para-
meters required for tuning after getting the full experiment configuration implemented
were the targets’ geometry, this is, their dimensions, composition, and location inside
the structure. Ideally, a large number of events should be simulated in order to cover
all phase space with significant statistics. This was partially achieved, limited by the

reduced running speed of the simulation program.

Although the output is essentially what we want, fine considerations should be ad-
dressed for better results. The GSIM Post Processor (GPP) is a software that passes the
simulation through an extra layer with the real information of the state of the detector
at running time. That is, it’s in charge of adding detector defects such as problems on
reading strips or broken tubes in the scintillators, for instance. The output is a more

realistic version of the simulation and can be directly compared with data.

The last step is the offline reconstruction RECSIS that was also present in Chapter 5.
The reconstruction’s algorithms are exactly the same as in data and were run in an identical

way for consistency.

Returning to the MC generator, Pythia was chosen because it satisfies the requirements
of the experiment the best. Pythia contains a model of soft (non-perturbative) processes,
as well as perturbative DIS available at different ranges of virtuality (()?) of the interac-
tion. Initially, Pythia was mainly intended to be useful for leptonic collisions and was
extended to hadron’s interactions with an evolution’s model based mainly on earlier ex-
periments, this was a more phenomenological modelling. This last technique is not un-
common since QCD is not fully understood at theoretical level and those interactions that
were not well described, could be fixed by retrieving past results. This approach, how-
ever, is not perfect and makes the generator even more sort ofa “black box’. A solution on
one of the crucial parts of the process, the hadronization, came along with another par-
allel generator known as Jetset. Jetset was developed by the same group precursor of the
Lund string model (comments on this in Section 3.4). In the late 90’s both programs con-
verged and ended up merged in a new version of Pythia. With all the previous features

of both sides, Pythia represents a robust tool that has also demonstrated its capabilities
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by predicting PETRA results on e*e~ annihilation and helping in results from plenty of
laboratories around the world such as LHC and Tevatron, among others [24]. Since the
generator was specialized on high energy collisions, some parameters were tweaked to
match the configuration in CLAS. Taking as starting point another Pythia’s implementa-
tion made for HERMES, the final production covered the semi-inclusive region required

for CLAS.

A full characterization of the hadronization process and QCD unresolved features such
as color confinement are topics of interest for our group. The study of hadronization in
the parton model had some features not yet implemented in the generators at running
time, so they were included with other techniques. This is the case of the Fermi mo-
tion that affects the bounded partons. This was done ‘outside of the model’ by adding a
smearing in the initial transverse momentum of the quark with a Gaussian distribution
as explained in [20]. Another consideration relevant for the analysis is the inclusion of
some runs with a displaced beam position. This is very important since at running time
the beam is ideally kept perfectly centered, but it is impossible to maintain its position
absolutely steady. Moreover, as explained in the previous chapter, a striking displace-
ment of the beam was found [19] making this contribution even more valuable. One last
interesting remark is the assumption of factorization and negligible interference terms
in higher order processes such as photon or gluon bremsstrahlung and loop diagram
corrections. This allow us to consider them in a post-processing level separately (see

Radiative Corrections, for instance).

The final simulation files were created by Hayk Hakobyan making use of Pythia 6.319 as
the event generator and saved in root format. They still require the use of extra pack-
ages such as ClasTool to get access to the full information, however. The set was stored
at the Jefferson Lab’s silo and is available for members of the collaboration. The simula-
tions in this state are useful and ready for analysis, but they are heavy and recent studies
have presented improvements in the particle identification [22]. Also, the cuts described
below are not expected to vary during the analysis so all of them will be applied in an ex-
tra pruning of the data carried out by the GetSimpleTuple program already introduced
for data. This will leave the files in their final state, ready to work and only with the
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required information, improving the performance of the analysis and accelerating time-

consuming studies.

6.2 Electron identification

For the sake of completeness the large majority of cuts implemented in data are applied
in the very same way to simulations. Nevertheless, some coefficients were tested and

recalculated to obtain a better performance.

The initial requirements (such as positive detector response) and the following selec-
tions in DC (fiducial cuts), CC (photo-electrons’ cut), and TOF (coincidence time with
ECAL) systems are identical to data and can be checked in Section 5.2. Some cuts, like the
CC cut introduced before, are intended to remove features that were observed in data,
such as a prominent N,;. peak at values near zero. Even though this kind of issue is not
present in the simulations, we keep using the cut with a negligible impact for consistency

reasons.

6.2.1 Electromagnetic Calorimeter (ECAL)

We find some differences in the cuts applied on the ECAL response. The fiducial cuts
(in U, V, and W orientations) and the minimum energy deposited in the layers of the
calorimeters (E,,; > 0 and E;, > 0.06 GeV) are the same as in data. However, the
parameters tuned for the boundaries of energy deposition and the sampling fraction are

specific for simulations.

The expressions presented in Equations 5.3 and 5.4 need five parameters that were
fitted from simulations. The values are summarized in Table 6.1. The nominal values
are not very different from what was obtained in data, but its impact in the rejection of

events was not trivial so a correct tuning for these sets was required.

The same happens with the sampling fraction defined in Equation 5.5. The values are
not presented here but can be found in [22] with a detailed description of the numbers
found for the different targets and sectors. The details include the values obtained for the

different targets, including deuterium. Note that data imposes the same cut in deuterium
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Table 6.1: Energy-momentum ratio parameters for simulation per detector sector. Ex-
tracted from [22].

Sector | ay as by bo b3 by
1 0.79 | 1.13 | 1.03 | -0.42 | 1.05 | 0.21
0.79 | 1.13 | 1.03 | -0.42 | 1.05 | 0.21
0.79 | 1.14 | 1.05 | -0.46 | 1.05 | 0.21
0.79 | 1.14 | 1.03 | -0.44 | 1.03 | 0.23
0.79 | 1.15 | 1.06 | -0.46 | 1.06 | 0.20
0.79 | 1.14 | 1.04 | -0.47 | 1.04 | 0.22

N || WIN

as in the corresponding solid target studied in parallel, thus a dedicated deuterium result
is not suitable and we will separate the study of them restricted to the use of a specific
solid sample. However, simulations don’t have to deal with this issue and dedicated sim-
ulations for deuterium were processed. This is considering the displaced vertex from the
upstream location of the liquid target. The nominal results are not extremely different

from those found in data, but it’s better to use their own results.

6.2.2 Vertex correction

The vertex determination is important in the identification and some words are saved
for it. In the data we applied an explicit correction of the beam’s position due to a shift
found with respect to the center of the detector. In simulations we have a ygp;seq set that
emulates the effect of a displaced center in barely half of the files. However, the restric-
tion in the yc coordinate is not implemented. Also, the determination of the target the
track is coming from is not made using a vertex cut but just looking at the target used in
the simulation, since all three solid plus deuterium liquid targets were simulated separ-
ately. Some variations of this cut have been tested in other studies, but this approach is

simpler and results demonstrated to be the same in practice.

The post-processing cuts in W and i, presented in data are also applied to simulation.

So a minimum of W > 2 GeV and a limit g, < 0.85 are required.
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6.3 Positive pion identification

The positive charged pions had the same treatment in simulations as in data. The re-
quirement of a non-null signal in the detector layers, positive charge of the track, AT
within a range in the TOF system, as well as a IV, threshold in the CC for tracks with

momentum higher than 2.7 GeV are all presented and described in Section 5.3.

Consistency pushes us to leave as many cuts untouched as possible. For instance,
the vertex cut presented in Section 5.3.3, where the vertex position reconstructed for
the electron and the pion must lie closer than 3.0 cm, does not remove any significant

amount of events. However, it is still applied to keep a certain uniformity in the analysis.
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Chapter 7

Acceptance and Closure Test

One of the crucial steps in the analysis regards the interpretation of the data with as few
systematic detector effects as possible. This includes the possibility of getting certain
portions of the phase space not fully covered. Empty or less populated regions could
lead to biasing in the interpretation of data or to incorrect results. A variety of sources
could produce these effects, including efficiency of detection and reconstruction, the
intrinsic resolution of the detector’s components, unexpected events at data taking that
were not issued with simulations, or the geometry of the detector. In an ideal situation,
the detector’s response is perfect and both, simulations and data, are exactly the same
so no correction should be needed. In real life, certain kinematic regions are not fully

covered and we must compensate these effect by means of simulations.

The acceptance is introduced as a factor that accounts for the effects exposed above.
Some studies use different factors, splitting our definition into a product of contributions
from a variety of sources. This approach is ideal to quantify the effect of those sources
individually. A quality test was developed in order to quantify how reliable these factors
are. The method denoted as Closure Test is presented along with a description of its ap-
plicability and some results. Note how all these results depend directly on the binning
selection, since the statistics in certain regions could hide features in the distributions,
for instance. A discussion on possible alternatives to acceptance or better tests is shown

at the end of the chapter.
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7.1 Acceptance

Our objective is to extract the original distribution of electrons and pions from the data.
As it was claimed, there are effects in data that distort the real distributions and our only
way to fix it is simulations. The discussion in Chapter 6 presented the extensive work
developed for getting an accurate model of the whole process. The files have a realistic
detector’s response that makes the data correction more direct. However, limitations of
the experiment that forbid us to cover the full phase space can impact on our capacity
of correction. To avoid this problem, some kinematic regions of the simulation have
been artificially populated, i.e. got more statistics, in order to have a more complete

characterization of the detector.

The correction method is called Acceptance correction and it is a scale factor applied in
an event by event basis. Running over an established binning in the data, the acceptance
is introduced in a five-dimensional grid to the data in order to compensate for the re-
duction of the counts produced by the inevitable effects described before. Depending on
the statistics available and the observable under study, some analyses could be benefited
by the use of a lower-dimensional grid in the process. This could increase the statistics

at the cost of a higher dependency on the initial physics model of the interaction.

Mathematically, the factor for a given bin of Q?, v, Z},, P?, and ¢p(, is determined by

. Nreconstructed(Q27 v, Zha Pt27 ngQ)

_ (7.1)
Q2.v,Zp, P, bpq Ngenerated(Q27 v, Zha Pt27 ¢PQ)

If the reconstructed and generated bins should be selected by their kinematic variables at
reconstructed or generated level is a matter of discussion. Given certain circumstances
this factor can be thought of as an efficiency of reconstruction. This last interpretation,
however, is valid only when the effects of bin migration and/or other reconstruction

flaws are negligible, which is generally not the case.

The different combinations are defined below and for the sake of completeness they
will be contrasted. In order to denote whether a variable is at generated or reconstructed

level, a left subscript is added (,Q* or ,Q?, respectively).
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1. Direct selection: The reconstructed event is selected independent of the generated

(that is, there are mis-matched events accepted).

. Nreconstructed(rQQa PV, rZha rPt27 r(bPQ)
Q2. Zn, P2, pPq Ngenerated(gQ2> Vs gZha gPt2> ngPQ)

2. Matching selection with reco. vars.: The reconstructed event is accepted only when

it is correctly associated with a generated particle. The reconstructed bin is selec-

ted according to its reconstructed coordinates.
Nreconstructed<rQ27 PV, rZha rPtQ, TQbPQ |match generated)

2 2 2 2
Q% v, Zn, Py 0P Ngenerated(gQ s gV gZhu gPt 79¢PQ)

3. Matching selection with gen. vars.: The reconstructed event is accepted only when

it is correctly associated with a generated particle. The reconstructed bin is selec-
ted according to its generated coordinates. This last difference is of major import-
ance since the numerator will always be smaller than the denominator by defini-

tion which leads to the interpretation of this method as an efficiency.
Nreconstructed (gQ27 gV7 gZIu g‘Pt27 g¢PQ ‘matCh generated)

2 2 o 2 2
Q%1 Zn, P 9P Ngenerated<gQ s gV gZha gPt 7g¢PQ)

A discussion on the interpretation of each method would clarify what information is ac-

tually given and could help in understanding what is the best option.

Starting from the last presented, when we require a match in the selection of the event
we are explicitly removing possible mis-matches from errors in the algorithm of recon-
struction or detector inefficiencies produced in the reconstruction process. Also, the
use of generated variables in both numerator and denominator, gives the possible in-
terpretation of the factor as an efficiency of detection. Basically, we select a generated
particle and add a count when it was correctly reconstructed as a pion (independent of
its kinematics) and none if it is not reconstructed. This last point reflects the flaw of this
method: we only see if we correctly reconstruct a pion, but not the kinematic bin (i.e.

assumes or neglects bin migration).

The previous method ("Matching selection with reco. vars.") matches the pion but it
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also accounts for the reconstruction. This explicitly accepts and quantifies bin migration,

so its implementation gets better the smaller the migration.

The first method presented ("Direct selection") is the easiest to implement but harder
to interpret since it hides different effects in a single factor. For instance, we are mix-
ing reconstruction, bin migration, and matching effects without clear understanding on
their individual effects. However, this level of detail might not be necessary under the
assumption of a well behaved reconstruction. This statement will be revisited later, by

comparing the results obtained with the different methods in a simple quality check.

Before going further it is worth mentioning the propagation of uncertainty present
in the calculation of these factors. It is clear that independent of the method under use
both numerator and denominator are related sets of values (the reconstructed and the
generated, respectively). The response of the detector in the presence of a particle in this
scenario can be modelled as a binomial event, this is, the event is dichotomous because
the response of the system after getting a particle generated can be positive (correctly

detected) or negative (not detected).

Remember that for a binomial distribution with A; = N*® /N the standard devi-

A; (1= A
A= d 2
OZ \/ Ngen _ 1 I (7 )

taking N&" (the number of generated events) to be equal to the number of entries in

ation is given by

this bin of acceptance. Even though this expression looks reliable, a second look at it re-
veals that it is incomplete because the uncertainty information of both, numerator and
denominator, is not playing a role so there is information loss. A correct formula was
proposed and has been already implemented in ROOT under the option ‘B’ when using
the method TH1: :Divide. The expression was derived using a maximum likelihood ap-

proach proposed in [25] and takes the form
(124 - () 4 A2 (&)

(2 (2

acc __

b (Neen)®

, (7.3)

where A; and 02 are the acceptance factor and the error associated to it for a given bin ¢,

N is the number of generated events, and €/ is the error in the i bin for j = {gen, reco}.
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Figure 7.1: Acceptance factors calculated in a 5-fold basis. The methods are named as
described in the text.

All three definitions of acceptance were implemented with similar results presenting
small deviations only, as shown in Figure 7.1. The factors obtained by the three methods
are very similar when comparing them bin by bin. Nevertheless, the presence of a peak
at zero reveals a lack of entries in the simulation in a large number of bins. The presence
of these empty bins in the simulation is dangerous since the correction of data will be

incomplete, reducing the quality of the correction and affecting the validity of any result.

To get intuition about the source of these problematic bins, the empty elements were
projected as a function of the kinematic variables. Special care was taken inspecting the
¢pg dependence, presented in Figure 7.2. The zero factors were present over all the
azimuthal space but with a predominant peak in the center (around ¢pg ~ 0). This
trend resembles a historical issue in the data, where an enormous peak at this very same
section is presented and attributed to unknown processes of higher level. Further studies
on the impact of the acceptance and the treatment of this peak in the data are part of
next steps in the study and will be discussed in Section 8.1. Even though this problem can
not be easily attacked, the analysis can still be done by making use of different strategies

presented in the referenced section.

7.2 Binning

Selecting a suitable binning is an important task and there is no unique way of testing

if the choice is the right one. Different properties of the samples and features on the
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Figure 7.2: Empty bins distribution as function of ¢ p( for the different methods of ac-
ceptance calculation. The methods are named as described in the text.

Table 7.1: Resolution values of the kinematic variables’ reconstruction. These numbers
are regarded as a lower boundary for the bin width.

Variable | Q? | % Xy | Zy | P? | dpq
Resolution | 9-107° GeV?* | 8107 GeV | 5-107% | 3-107° | 4-107° GeV* | 0.4°

binning can help us to determine if a selection could be improved but no method can

give ‘the best’ bin.

We begin by introducing the reconstruction’s resolution of a variable. This number
quantifies the inaccuracy of the reconstruction and restricts our bin’s length to be smal-
ler than it. It can also be interpreted as a measure of bin migration. If the bin length
chosen is comparable or smaller than the resolution found, aliasing effects as well as
other distortions of the distributions could happen, making the process less reliable. For
instance, small bins in the acceptance will impact with an inherent huge bin migration,
reducing the effectiveness of the correction. The resolution is not constant across the
kinematic region studied. The average values were found for the variables and will be

used as a limit for the length chosen. These numbers are presented in Table 7.1.

Another consideration in the binning selection must be the statistics. Each block should
be selected so that contains a significant number of events, in order to give a trustful res-
ult. This last reason makes the approach of an irregular binning desirable for accounting
regions with less statistics. Moreover, to get a better result of the corrections in regions
that are expected to receive less interactions, the simulations had accounted this by in-

creasing the amount of events recorded in those zones. This solution might seem ar-
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Figure 7.3: Different selections of ¢ pg binning: 40 bins (left) and 13 (right) in not correc-
ted (raw) data. Coarser bins average over a higher zone, reducing the granularity of the
study and removing important features.

Table 7.2: Nominal binning used in the analysis. The first half represents leptonic vari-
ables and the second half hadronic ones. Only v or X, is used at a time.

Variable | Bins limits # bins

Q)? [1.00, 1.30, 1.80, 4.10] 3

v [2.20, 3.20, 3.70, 4.20] 3
X, [0.110, 0.220, 0.290, 0.560] 3
Zy, [0.10, 0.22, 0.32, 0.40, 0.50, 0.60, 0.75, 0.85, 1.00] 8
P? [0.047,0.073, 0.112, 0.173, 0.267, 0.411, 0.633, 1.2] 7

[-180.00, -152.31, -124.62, -96.92, -69.23, -41.54, -13.85,

PrQ 13.85, 41.54, 69.23, 96.92,124.62, 152.31, 180.00] 13

tificial at first but we need to recall that the necessity of simulations, at least for the
correction point of view, arises as a means to account for the detectors’ effects, which is
independent of the original distribution. Also, getting higher statistics in some regions

would only improve the performance of the corrections in there.

The shape of the distribution is also an aspect to consider. There might be features
that are easily spotted with a given bin’s length but a coarser option could hide them by
imposing an implicit average of the mixed bins. Uniform regions provide a good environ-
ment for wide bins. On the other hand, distributions with sections of varying height will
require a narrower selection. This is the case observed in the ¢p¢ distribution presen-
ted in Figure 7.3, where certain selections tend to reduce the height of the peaks and, in

some cases, get them completely removed.

The final bin selection is presented in Table 7.2.
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7.3 Closure Test

Although our binning satisfies the minimum requirements, the acceptance could have
deficiencies we would like to account. One way of checking the quality of the acceptance
is known as Closure Test. The method uses part of the simulation as data to reproduce
the effect of the acceptance correction in a safe environment. For doing so, the whole
simulations’ set is separated into two groups. The first half will be used to calculate the
acceptance factors as usual (see previous section). Having the resulting factors saved, we
apply the correction to the second half of reconstructed variables. Since the simulations
have both generated and reconstructed information, we can easily verify any discrep-
ancy between the expected (generated) and the ‘corrected’ set. Ideally, both quantities
perfectly match and the acceptance is trivial, giving a Corrected:Generated ratio of 1.
Any deviation of the ratio from 1 implies an inaccuracy in the correction. Though fluc-
tuations are always expected, big effects are a bad symptom of a poor acceptance. If the
curve lies within a band of tolerance near 1, the acceptance is said to be Closed. If not, the

correction is Not closed and it is not applicable.

A five-dimensional acceptance was calculated using the nominal binning. The Closure
Test is presented in a three-dimensional basis, that is, the results will be given in bins of
@Q?, v, and one of the hadronic variables: Z, or P?, as a function of ¢ pg. The remaining
variable is integrated out (P? or ;). An example of a good and a bad bin is presented in

Figure 7.4.

The values of closure are summarized in Figure 7.5. There exist some bins with clear
problems, especially at central values of ¢pg. Low statistics regions in simulation also
reduce the quality of the correction by introducing empty acceptance bins, for instance.
In summary, we see a resulting close level of 0.98+0.12 for the 7}, dependence and 0.99+
0.07 for P2. The local differences with the ideal response per bin could be addressed as

a systematic error when correcting the data.
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Figure 7.4: Result of Closure Test in a well-behaved bin (left) and a bad one (right). The
3-dimensional bin depends on Q?, v, and Zj,. Note the worse performance is predomin-

antly at central events.

Counts

160
140
120
100
80
60
40
20

losure value Z, Summary Fe_10B1 target, Simulation

Closure value P2 Summary Fe_10B1 target, Simulation

\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\I\LO

£

-

T ZqgoR T
S 160
140
120
100
80
60
40

20

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\;\

L

o
~
o
»
o
o)

—_

1.2

T4 16
Closureness

0.4

0\\\'\\

\\\‘\H\‘l-‘-w-a_wl.ww |
1 1.2

T4 16
Closureness

0.6 0.8
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Acceptance and Closure Test 64



7.4 Discussion: Correction methods

Even though our approach has presented positive results so far, there are several other
methods of correction available. Whether a method is useful or not will depend on the
specific characteristics of the simulations and the detector. For example, a detector with
low angular coverage will certainly require a careful treatment since the response will be
highly biased. Also, limited statistics will make a binned approach hard for fine tuning,

since empty spaces in the grid will deteriorate the performance of the correction.

Other methods of correction were found, though the main idea behind their imple-
mentation is the same as with acceptance. Among others, we are interested in two: the
unfolding and Omnifold. These methods are closely related to acceptance and could be

interpreted as refined evolutions of it.

Unfolding, also known as ‘deconvolution’ or ‘unsmearing’, is implemented in a very
similar way to the usual acceptance, requiring to have the information binned and cal-
culating correction factors in the form of the elements of a transformation matrix that
acts over a reconstructed event, returning the true values (previous to detector effects).
Recent implementations introduce sub-methods that improve the effectiveness of the
method in conditions of high bin migration by making use of elaborate deconvolution
algorithms. A limitation of this method is the dimensionality since the procedure is feas-
ible only at low dimensions (two-dimensional bins is the usual selection). High dimen-
sions could be implemented but the algorithms are not optimized for it and the compu-

tation time increases unbounded.

A smart approach called Omnifold utilizes Machine Learning techniques to bypass the
intrinsic limitations of separating information in bins. The idea behind this method is
the same as in unfolding, looking for the elements of a matrix that can easily move from
true values to reconstructed, and vice versa. This is a hard task from a discrete point
of view for the reasons discussed in Section 7.2 due to unavoidable approximations and
distribution smearing coming from these ‘arbitrary’ separations. Nevertheless, this im-
plementation learns about the distribution of the variables of interest and their relation-

ships in an unbinned basis taking those problems out of the equation. What’s more, the
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program is optimized to work in a multi-dimensional way, making feasible to study the

behaviour of the data in, say, the five-dimensional phase space of a SIDIS process.
As widely known, these algorithms are composed of three stages:

1. Training: A sub-set of information is given to the software to be trained by learning

about the distributions of the variables and their dependencies.

2. Testing: To ensure the program is truthful, the correction is tested with the re-

maining entries that were left outside of the sub-set.

3. Implementation: After making sure the results are correct, the trained software is

ready to act over actual data.

Note the similarities of this iterative process with the application of the Closure Test.

This is the standard way of making sure a method is fine and self-consistent.

Studies have contrasted the effect of using these different methodologies in recon-
struction with successful results pointing towards the advantage of machine learning
techniques over traditional methods [26]. This conclusion is not in tension with old
results, however, presenting only small improvements in the corrections over three-
dimensions studies. The main improvement, then, is the reduction in the statistics ne-

cessary to proceed with the correction and the time and space of storage needed.

Despite having these alternative methods available, they work as a ‘black box’ for the
majority of the process making some steps rather obscure and hard to follow, making
more difficult the understanding of the process in detail. Future updates on the study

with the implementation of these techniques can be performed.
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Chapter 8

Results

With a correction method chosen and the acceptance factors calculated, we can pro-
ceed with the analysis. From the discussion at the beginning of Chapter 3, we expect
the corrected data to follow a distribution with the form A + B cos ¢ + C cos 2¢ for our

unpolarized data. This function will be used as the model for the fit.

Although the corrections should behave well where the Closure Test gave good results,
we have to develop strategies to treat features that are still present. Tighter cuts in the
event selection and other analysis tricks will be introduced. A discussion on their impact

in the data and the final results is presented too.

8.1 Correction

The acceptance values previously calculated are stored in five-dimensional histograms
using the ROOT class THnSparse’ for ease of access. The acceptance factors are added to
the data event by event, choosing the value in correspondence with the kinematics of the
event. This correction was named ‘direct selection’ in Chapter 7 and will be the default
selection. An extra quality cut for acceptance is introduced, removing unhealthy factors
with a relative error of 04/A > 10%. The error propagation considers the statistical
uncertainties from the data and the acceptance error of Equation 7.3 added in quadrature

and without correlations in principle.

The azimuthal distribution from data before and after correction is presented in Fig-

ure 8.1 for the same bin. Note how the predominant characteristic of the raw data is

This class provides an easy way to handle high-dimensional histograms very efficiently.
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Figure 8.1: Raw data (left) and acceptance corrected data (right) for a three dimensional
bin in Q?, v, and Z;, (P? integrated).

the set of bumps at a constant rate. The position of the peaks is distributed at regular
intervals of around 60° from each other. This structure resembles the six-sector distri-
bution defined by the CLAS geometry. The resultant correction gets rid of these issues in
some portions of the distribution. Nevertheless, a part of the bins preserve some of the

structures, specially around ¢ pg = 0° and ~ +90° to a lesser extent.

Though the peaks could be attributed to imperfections in the correction process, the
central peak has been spotted in other contexts, see Section 7.1. An anomalous highly
populated region is found at the center of the ¢p¢ distribution in data. This behaviour
is barely reproduced in simulations with a small peak at the center. The null correction
factors presented in Figure 7.2 supports the non-existence of a large number of entries
in this region. Moreover, this lack of factors increases the problem by leaving this region
not corrected or with a less reliable correction. More on this subject will be developed

in the next section of the chapter.

Due to limitations in the statistics available, a full five-dimensional analysis is not feas-
ible. The integration of Zj, or P? increases the counts at the cost of biasing the sample
and hiding dependencies. Both options will be studied in parallel so that their indi-
vidual effect in the results can be contrasted. As an example for checking the differences

between both approaches, the same bin in Q* and v is presented in Figure 8.2.
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Figure 8.2: Corrected ¢ p( distribution for a three dimensional bin in Q?, v, and Z,, (left)
or P? (right). The remaining hadronic variable is integrated out.

8.2 Fit and quality

The resulting distributions were all fitted with the expression A + B cos ¢ + C cos 2¢
introduced in Chapter 3. We perform the fit using the TMinuit algorithm implemented
in the ROOT’s method Fit. This algorithm presents some changes with respect to the
default, giving equal or better results with an optimized method of minimization. The
output of the function provides the covariance and correlation matrices associated with

the parameters.

A brief disclaimer on the notation. It’s an abuse of notation to represent the asym-
metry factors in the same form independent of the integrated quantities. For instance,
the five-dimensional cross section of Equation 3.17 will lead to a concrete definition for
the parameters A, B, and C. However, under certain circumstances we will work with

one or more integrated variables, say,
o

m = A+ Bcoso + C cos 2. (8.1)

In this case, the factor are not the same as before and are related by

B=B(Q"1.2)= / B(Q v, Zy, P?) dP’. (8.2)

For simplicity we will avoid the introduction of a different symbol for each integration
and will use the same symbol regardless of the dependencies. The context will make its

interpretation clear.
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A critical issue regards the central peak aforementioned. Since the distribution is
centered at ¢ppg = 0°, the fit gets highly impacted by its presence. Some strategies

were developed to bypass this complication at fitting time:

o Full range fit: The fit uses the full range, including the peak. This could be used as
a reference to check the real impact the peak has on the results.

o Left and right ends independently (LR): We proceed by skipping the middle region
of the distribution and make two independent fits.

o Fold and mix both ends (Fold): An implicit assumption is made by expecting a fully
symmetric distribution. The number of entries in each bin is roughly doubled.

o Shift distribution: The distribution is shifted and centered around 180°. A single

fit is performed with the end tails cut.

Each strategy has its own advantages. The LR method gives us a direct measure of the
symmetry around 0° of the azimuthal distribution. The Fold method increases the entries
in each bin, roughly doubled, at the expense of making the resulting mix particularly
sensitive to asymmetries between both sides. The Shift method doubles the number of

degrees of freedom available for the fit, hence making the fit more accurate.

Since the number of events per target is not the same, we will work with a normalized
version of the parameters. This approach makes the comparison between different tar-
gets more direct. Instead of using the B and C' parameters of Equation 3.17 as a measure
of the modulations, we will present results in terms of B/A and C'/A. These quantities
also reduce the dependency of the results on the experiment’s luminosity by cancelling
out the factor coming from the formal cross section expression. It is important to con-
sider the full formula of error propagation in this scenario, where correlation factors get

values of around 0.2 and their effect is not negligible.

Remember that the setup is arranged so that a deuterium target is placed aligned with
the solid target. To reduce systematic effects on treating the deuterium data, we will sep-
arate the set by their solid partner, labelling the sub-sets as DC', DF'e, and D Pb. Any
ratio that compares liquid and solid targets will use their respective partner’s informa-

tion.

Previous studies on the subject have presented results on deuterium asymmetries with
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different notation. Though the distributions should follow the same trend, the introduc-
tion of certain factors needs to be carefully considered in order to quantify the effects
correctly. The relation between the notation found in the bibliography and the paramet-

ers defined in this work is

Ay =S feosthr = D (eos2)x = o, (83)
where the two first terms explicitly show the function of ¢ associated and a superscript
remarking that both incident lepton and target are unpolarized (U). The next two terms
introduce an extra factor of 2 coming from the integration in ¢ to get the average or
‘expectation value’. Note the subscript where e represents the electron and X the target
nuclei. Due to ease of reading the second definition will be used for the rest of the text.
In this notation X will be A when dealing with solid targets and D for deuterium. The 2
factor in the denominator is applied in the summary plots. Note this decision leaves the

ratios unaltered.

8.2.1 First asymmetry term

The normalized factor accompanying the cos ¢ term is regarded as the first asymmetry.
Previous results have demonstrated a hierarchy in the magnitude of the asymmetry factors.
The free term of the cross section, A in Equation 3.17, predominates. The modulation

terms present sizes in the order of

O ((cos P)ex) ~ 1071, O ((cos 2¢)ex) ~ 1072, (8.4)

making harder to identify high order terms due to statistical issues and the necessity of

higher sensitivity in the experiment.

The first asymmetry value is obtained for deuterium and the solid targets with the
different techniques described above. The deuterium behaviour of the three batches of
data is summarized in Figure 8.3 with the use of the shift method. An acceptance quality
cut and the removal of the peak from the fit are also implemented. Note the identical

trend in almost the whole kinematic range followed by all three sets, as we would expect
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Figure 8.3: First asymmetry parameter of liquid targets in bins of Q% and v as a function
of Z;,. The points are separated by the associated solid target.

in absence of external effects. High 7, has reduced statistics, explaining the worse per-
formance at the edges in some bins. Low 7, gets a small and uniform asymmetry in all of
the bins, though at around 7, = 0.3 — 0.4 an abrupt change in the tendency is followed
by a linear enhancement, that tends to be reduced again at higher Z;,. The asymmetry
has a very subtle dependence on (9%, more predominant in energetic pions with high 7.
A strong dependency in v is observed, doubling the effect on energetic pions. This result

will be revisited in terms of z;, for a more direct interpretation.

In Figure 8.4 the asymmetry of the iron target is extracted with the diverse methods
proposed. Apart from the full method, the other methods skip the central peak. Even
though this last method gets the quality of the fit impacted (high x?/ndf), the nominal
values are barely affected. The same is observed in the other solid targets. At this point,
the first asymmetry of solid targets presents a similar trend as deuterium. Surprisingly,
the results are almost independent of the method in general, within uncertainties. The

uncorrected full method presents the greatest mismatch mainly.

The P? dependence is studied too, since its response has a fundamental link with the
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Figure 8.5: First asymmetry parameter for solid targets in bins of Q% and v as a function
of P2

inner dynamics of the quarks and plays a central role in broadening analyses. In Fig-
ure 8.5, the results as function of P? are presented for the solid targets. Note the subtle
differences in the tendency along the P? axis especially at high v. Numerically, we see
a small increment of the asymmetry that gets doubled at most in some regions of low v.
There is no clear Q* dependency. An almost constant value of around —0.1 is obtained
along the different bins. This uniformity is more evident in the whole range as v in-
creases. Recalling the results of 7, dependence, we observe the opposite response, this

is, the asymmetry is emphasized at low v instead of at high values.

In general, theoretical derivations prefer x;, as second leptonic variable due to its direct
interpretation as the momentum fraction of the struck parton. We reproduced the same
results as before with x;, instead of v. Recalling the relation between these variables (in

the Lab frame)
2

8.5
SN (8.5)

Ty =

we expect a similar response, following an inverse trend with respect to v and with cer-
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Figure 8.6: First asymmetry parameter for solid targets in bins of Q? and x; as a function
of Z;, (left) and P? (right). Two bins are empty due to lack of statistics in those regions.

tain modulations given by the (Q* term. The results are presented in Figure 8.6. No sig-

nificant qualitative nor quantitative difference is found.

In general terms we found the first asymmetry to be consistently negative independ-
ent of the phase space region and if it’s function of 7, or P?. This claim is in line with
some theoretical derivations (see Equations 4.4 and 4.20 in [6]) where the term is ex-
plicitly negative by construction. Moreover, deuterium results are in agreement with
previous experimental measurements developed by the COMPASS [27, 28], ZEUS [29, 30],
and HERMES [31, 32] collaborations.

The ratio of solid over liquid target’s first asymmetry is presented in Figure 8.7. A clear
trend is followed as function of 7, for all of the samples. Low energy pions see a reduction
of at least a 20% in this first parameter. These pions cannot have a big momentum so,
though integrated, these events are composed of small P, mainly. This could indicate an
accentuation of the asymmetry for solid targets due to the contribution of events from
the Target Fragmentation Region (TFR), given the apparent low contribution of the quark
intrinsic transverse momentum, following Equation 3.11 (this idea will be revisited later).
A remarkable enhancement in the asymmetry is found at around Z;, = 0.3 — 0.4. Middle
range values present no visible effect of nuclear media, with uncertainties that tend to
leave the ratio close to 1. No conclusive reaction is seen at high hadrons’s fractional

energy.

A more uniform tendency is found when the P? dependence is studied. All of the bins
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Figure 8.7: Ratio of the first asymmetry parameter (solid over liquid target). The distri-
butions are presented as a function of 7, (left) and P? (right). A red-dashed line marks
the ratio value 1 as a reference, meaning no nuclear effects.

show a reduction in the asymmetry from a few % to 30%. Those points that are closer to
unity have significant error bars. A nuclear size dependence is present at middle range
values. Larger nuclei such as lead present the higher reductions of around 20% in average
in contrast to carbon, the smallest of the samples, with 10% at most. The distributions
seem to start at 1 for zero momentum and get a reduction in this low P? section. The
whole range presents a very uniform behaviour until P? ~ 0.5 GeV?,where a small bump
closer to 1 is visible in some bins. This feature is not as clear as in other distributions so
its presence is anecdotal. After this point we observe a further decrease in the limits of

P?, where statistics begin to drop thus increasing uncertainties.

8.2.2 Higher order asymmetries

The third parameter will be called the second asymmetry and will be the highest order
term we can access with the experiment’s sensitivity. Figure 8.8 presents the second
asymmetry for the same Q% and v bins as before. Unlike the last case, this asymmetry
gets values close to zero with big uncertainties at the edges. The scale is reduced by half

with respect to Figure 8.4, stressing the smaller contribution of these terms.

As a function of 7, the modulation acquires mainly negative values. The trend de-
pendence on Q2 and v is unlike the first asymmetry. Here we can see a stronger depend-
ence on %, that’s more evident at middle values of v. The effects in asymmetry are

rather small, with an average of 5%. The P? dependence shows an even smaller effect.
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Figure 8.8: Higher order asymmetry parameter from solid target. As a function of 7,
(left) and P? (right).
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Figure 8.9: Ratio of the second asymmetry parameter (solid over liquid target). The dis-
tributions are presented as a function of 7, (left) and P? (right). A red-dashed line marks
the ratio value 1 as a reference, meaning no nuclear effects.

Some values cannot be regarded as positive nor negative given the dominant error bars
at low momentum. However, at values higher than P? ~ 0.3 GeV? positive numbers are

predominant. These effects are similar for all solid targets and reach values of a few %.

The ratios found for this parameter are summarized in Figure 8.9 with results not as
conclusive as with the previous one. Reductions in the order of 20 — 40% are observed
in central values. Suppression and enhancement as high as 80% can be found, especially
at edges values (low and high Z}). Enormous error bars and no clear trend hinder a clear

conclusion.
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Figure 8.10: Raw data (left), reconstructed simulation (center), and generated simulation
(right) distributions with ASector detail for iron target.

8.3 Sector dependency

Previously, we stated that the different structures found in 8.1 resemble the detector’s
sector distribution. We inspected some possible sources of the peaks by different means
in order to refine our selection and reduce the big modulations observed, specially the

central peak.

The definition of our variable of interest ¢ p¢ requires the detection of an electron and
a pion. Since in principle this doesn’t depend explicitly on the individual sector each
particle interacted with, we use their difference instead. The distributions of data and
simulation with the sector difference detail are presented in Figure 8.10. It’s clear how
each of the peaks present in raw data is connected to a sector difference as we conjec-
tured. To predict this relation is not trivial since the ¢ pg variable is not defined in terms
of the beam direction, but the virtual photon’s direction. Additionally, note that the
central peak issue is coming almost entirely from events that present both particles in
the same sector. These central events are also present at generation level, but with large
contributions from the other sectors. The detector effect reduces these contributions
and produces an almost one-to-one relation of the peaks with ASect that’s visible in re-
constructed simulation and data. Note also the presence of a second smaller contribution
from events in opposite sectors at ¢ppg ~ 0° in simulation that is highly suppressed in

data.

The intensification of events at the center could be produced by sources of different
nature. Contamination from sub leading scattered events, detector defects that haven’t

been solved with the acceptance, low quality in some measurements, or even offline re-
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Figure 8.11: Reconstructed distribution for solid lead target (left) and liquid deuterium
target associated (right). Note the similarities in the majority of peaks and the increment
in the central one for the solid target.

construction issues are among the possibilities. A quick view of the solid and liquid re-
sponse for the same data set is presented in Figure 8.11. This hints at some nuclear de-
pendence of the central events. Moreover, this increment is clearer in bigger nuclei such

as iron and lead, and is still present but in a minor amount with carbon.

Some extra cuts have been tested to reduce the presence of these events. An explan-
ation of them and their impact in the parameters’ results will be presented in the next

subsections.

8.3.1 No same sector events

As afirst approach to the problem, an extreme case will be studied. Since the central peak
has been demonstrated to be produced mostly by same sector events, we will test the
effect of removing this situation entirely. Regardless of the huge enhancement observed
in the center, ideally we don’t want to remove the whole structure since the modulations
expect its presence. This procedure completely eliminates these events ‘by hand’ so its
effect should be regarded as a limit case, setting boundaries for the contribution of the

peak in the final results.

Looking at the effect in Figure 8.12, we note a clear effect on the ratios. The Z,, de-
pendence plots are the same for values of 7, > 0.3. A suppression of the effects found in
the free-cut results for lower values is appreciated. The reduction of asymmetry at the
low edge is no more and the peak spotted in the middle region was diminished, though

it is still present.
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Figure 8.12: Ratio of the first asymmetry parameter (solid over liquid target) with a hard
cut removing events with 7+ and e~ in the same sector. The distributions are presented
as a function of 7, (left) and P? (right). A red-dashed line marks the ratio value 1 as a
reference, meaning no nuclear effects.

The same effect is reproduced in the P? dependency, though its impact is even stronger.
A full suppression of the tendency is observed systematically through all of the bins. No
nuclear effect at all is found. The nuclear hierarchy is no more visible, presenting a crit-

ical limitation for the study.

We can hypothesize a high contribution to the first asymmetry coming from the low
transverse momentum events. This is in line with the models that predict the Cahn effect

as the major contributor to this term.

8.3.2 Current and Target fragmentation region

The Current and Target fragmentation regions (CFR and TFR) were introduced in Chapter 3.
The determination of the interaction’s region is relevant for some studies on direct meas-
ure of structure functions and was studied in previous analyses of our team. One way of
measuring the origin of the hadronization process is by inspecting the Feynman-X vari-

able associated to the hadron, defined as:
Pr
PinaX

Xf = , (86)

CM

where both P, terms are the longitudinal component of the final hadron’s momentum

in the center of mass frame.
By definition, this quantity depends on the frame of reference (i.e. it’s not an invari-
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ant quantity) and is bounded by -1 and 1. Depending on the kinematic region of the
experiment a certain range of X, could characterize an interaction region. However,
this differentiation is not definitive and overlaps of both main regions are expected. A

crude approach is done by requiring X, > 0 for CFR and X ; < 0 for TFR.

The study was also developed in terms of the (pseudo-) rapidity variable y that is com-
monly used in higher energy physics experiments, as mentioned in Section 3.4. Though
this quantity is semi-invariant? and its implementation could be less complex, its defini-
tion is less accurate depending on the kinematics, this is, depending on the energy of the
process the pseudo-rapidity and rapidity variables differ. This is not likely to happen in
high energy colliders but might introduce problems in its interpretation at our energy
levels. A one-to-one relation between y and X has been found, however, making both

approaches equivalent.

The impact of these cuts in the first asymmetry term is shown in Figures 8.13 and
8.14. Though there is a detriment in the shape of some distribution attributable to the
reduction of around half of the total statistics available for each fragmentation region,
a trend is found especially when compared to the full response of Figure 8.7. Beginning
with the Z;, dependence, the TFR events are predominantly at low values leaving empty
spaces at high Z;,. On the other hand, the CFR events are distributed along all the space
and with a shape that resembles the original one. Although the initial suppression at
small 7}, is not visible, the following enhancement peak of 40 — 60% is still present. This

initial feature at low 7, is then attributable to TFR events, and the peak to CFR ones.

A remarkable difference in the behaviour is found in the dependency with P?. The
presence of significant error bars complicates the quantitative study of the result in some
zones. However, a qualitative description indicates an increase of asymmetry or null
effect at middle range values followed by a suppression at high P? for CFR events. Also,
the overall suppression stated in Figure 8.7 is suggested to be produced by TFR events,
given the accentuated decrease of more than 30% in almost all of the bins. The sum of

both contributions is presumed to be dependent on the nuclear size.

2This is not standard terminology but it references to the peculiar behaviour of Ay which turns out to
be invariant.
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8.3.3 Pion fiducial cuts

Electron’s fiducial cuts in DC were introduced in Section 5.2.1. A similar study led to an
optimization of parameters to remove the edges of the DCs specifically for 7 detection.
The values were reported in [23]. Though this cut was available in the GetSimpleTuple

software, it was not implemented as a default cut selection.

The impact of this cut in the asymmetries is shown in Figure 8.15. Although some
points have been displaced, error bars got enlarged and the general tendency is still fol-
lowed, so no major differences are found in the 7, part. Likewise, the suggestive trend
on P? keeps showing hints of a nuclear dependency. However, overall it is less conclusive

due to the higher fluctuations.

This cut in 71 has a negligible effect in statistics as was pointed out in previous ana-
lyses. Consequently, the ratios were barely changed. This dismisses one of the possible

solutions postulated in [1].

8.3.4 Mirror matching

Spots of contamination in the CCs were found at low momentum zones for pions with
P < 2.7GeV. This topic has been discussed and demonstrated to have a low impact on
other observed quantities. A cut of quality was introduced in analyses for electrons [33]

and neutral pions [19] to get rid of these concerning elements. A similar decision was
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taken in our study in Section 5.2 where the CC signal selection restricts the number of
photo-electrons generated by the electron’s interactions to be significant enough. Non-
etheless, charged pions still present unexpected high signals at this kinematic region as

it was previously reported in [1].

The Mirror Matching (MM) is a technique that uses the signal recorded in the CC and
makes it to coincide spatially with the TOF signal and other layers of detectors. This
task is not easy since no angular information was recorded in the original BOS. A refined
tuning of the angles removed an anomalous peak spotted at a region with great amount
of photo-electrons. In order to produce a close effect, a cut with a similar impact was
performed. Only 7" candidates with a signal of N, < 25 at low momentum will be

accepted.

The results presented in Figure 8.16 show a strong suppression of the nuclear effects.
First, the initial 7, enhancement in the second bin is still present but weaker at high v.
On the other hand, the P? part shows a full inhibition of the nuclear effects reported in

the no-cut scenario.
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Chapter 9

Conclusions

We analyse the distribution of 7+ generated in SIDIS processes with the electron beam
of 5.044 GeV in the CLAS detector at Hall B of Jefferson Lab. A series of solid targets
made of C, Fe, and Pb, and a liquid D target were designed to test the effect of different
nuclear sizes in hadronization processes with special interest in the distribution around

the virtual photon direction, defined as the azimuthal coordinate.

We use a set of Monte Carlo simulations generated with Pythia to get an estimation
of the detector response and correct the data from inefficiencies. This last was done
by means of a five-dimensional acceptance in order to reduce the model dependency
of the correction. Additionally, we introduce a method of control of the acceptance’s
quality called ‘Closure Test’ that applies as a self consistent quality check over a three-
dimensional binning. The level of closure is slightly deviated from 1, the ideal value, and
gets different results for the dependency on 7, and P?, with an overall performance of

0.98 + 0.12 and 0.99 + 0.07, respectively.

The azimuthal asymmetries calculated have a well behaved trend, followed by all of
the solid targets and deuterium sub samples. General results are in line with previous
measurements carried out by collaborations that work at much more energetic kinematic

regions such as COMPASS [27, 28], ZEUS [29, 30], and HERMES [31, 32].

A systematic reduction of the modulations in heavy nuclei was observed as a function
of P?, with hints of a nuclear size hierarchy. As a function of Zj, a predominant enhance-
ment of more than 10% is found in the neighbourhood of ~ 0.3, 0.4 values, without a

clear nuclear size dependency. No nuclear effects were found at higher values with the
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exception of events closer to 1, where low statistics hinder substantial conclusions. Con-

clusive results on higher order asymmetries were not feasible.

The modulations were demonstrated to be fully dominated by events detected in the
same sector. An historical problem in the central region of the ¢p¢ distribution was
addressed by the use of several strategies. The study of X ; dependency encodes inform-
ation of the region of origin of the interaction (CFR or TFR). A systematic accentuation
of the first asymmetry term is associated with events produced in the TFR, meanwhile
CFR events does not present significant nuclear effects. Further studies will be needed
to determine the validity of this claim. Other possibilities of solution such as DC fidu-
cial cuts and hard cuts in the CC signal were dismissed. The action of nuclear media was
bounded by studying the limit case of no same-sector events, with a complete removal
of hierarchy in nuclear sizes. The actual effect should lie between a reduction of the first

asymmetry term of 0% to 30%, at least as a function of P2,

9.1 Outlook

Some future tasks with high impact in the study remain unsolved for now. Among others,

in order of importance, we get:

o Apply a correct Mirror Matching or a similar technique to clean the CC response
in a more systematic way.

¢ Find alternatives to reduce uncertainties in the asymmetries, in order to extract
significant results for the second asymmetry parameter.

¢ Extend the study to other hadrons such as 7, taking care of its correct identifica-
tion.

o Calculate radiative corrections and their impact on the asymmetries.

© Make a systematic uncertainties’ study.

¢ Implement other techniques of correction, with special interest in brand new tech-

niques such as the mentioned Omnifold.
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Part 11

Towards precision timing

instrumentation for HEP experiments
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Chapter 10

Introduction

This era of accelerators has reached its top performance. The ongoing Run 3 of the LHC
has defined a new benchmark for colliders and its conclusion will mark the end of a fruit-
ful period of data taking at experiments such as ATLAS and CMS. Future upgrades of these
facilities like the High Luminosity LHC (HL-LHC) [34] and brand new projects such as the

EIC, introduced in Chapter 1, are on their way with new challenges for the technologies.

The HL-LHC proposes a luminosity increased of about a factor of 4 from the current

value of 10%* cm 2

s~1, The collaboration has estimated a dramatic rise in the pileup of
detection with the present detector’s state. This could complicate a successful vertex de-
termination in detriment to the quality of the analyses. As a solution, the use of detectors
with a fast and highly precise time determination would add another tool to determine
vertex and disentangle multiple tracks. However, the high fluency of ionizing elements

will require the sensor to be resistant enough to survive long term direct hits. EIC also

aims to reach luminosities in that order of magnitude, presenting similar problems.

These conditions produce a stringent technological requirement for the projects to be
feasible: new detectors must achieve time resolutions of around 30 ps at most and keep
functioning with fluences' of 1.5 x 10*n., cm~? to give positive results in the vertex
determination and particle identification. Moreover, higher granularity would present
a major improvement for subsequent upgrades, such as the High Energy LHC (HE-LHC)

that is expected to reach center of mass energies of up to 27 TeV [35].

'The n., symbol means ‘1 MeV equivalent neutron fluence’ and it’s a common representation of the
total radiation deposited in a detector. It also serves as a standardized measure of the damage any particle
could produce in terms of the known neutron effect as reference.
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All of these examples would be benefited by what is called a 4d-tracker. Current detect-
ors have dedicated modules specialized in saving certain information from the tracks left
by a particle, such as their time of interaction, energy deposited, position of hit, etc. Good
timing performance is usually accompanied by poor spatial information and vice versa. A
device capable of obtaining good spatial and timing performance simultaneously would
be a breakthrough. A reduction in the number of detector’s layers would clean the sig-
nal from noise created by secondary interaction and the electronics as well as provide
new techniques for particle identification. Our study on characterization of sensors de-
veloped by world’s recognized institutions intends to calibrate or discard candidates for

4d-trackers.

Chapter 11 gives the basic definitions for understanding the analysis. An introduction
to the properties used in the characterization of sensors and their technology is men-
tioned too. Chapter 12 presents the experimental setup, including a description of the
beam, facilities, instrumentation used, and the detectors tested. The main body of the
text is in Chapter 13 covering the measurements and presenting the final results. Finally,
a brief summary of the performance of the sensors as well as comments and suggestions

for future samples is discussed in Chapter 14.
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Chapter 11

Low Gain Avalanche Detectors (LGADs)

Depending on the nature and properties of the particle under study, a specific type of
detector could be more suitable for a correct identification and tagging of the event can-
didate. For instance, trajectories of charged particles such as electrons can be curved
with magnetic fields due to their sensitivity to the electromagnetic interaction, provid-
ing a tool to identify them. This is not possible with neutral particles such as photons or
70, As aresult, a completely different principle of operation should be used for dedicated
detectors. A series of examples of these techniques were introduced in Chapter 4 of Part I

of this thesis.

The large majority of detector components could be grouped into one of two sets: scin-
tillators that record a signal from photons and proportional counters that directly collect
electrons from the ionization of a material. Scintillators were somewhat covered in the
previous part with the description of the Time Of Flight (TOF) and Electromagnetic Calor-
imeter (ECAL) systems. They generally use reflection properties to focus the signal in an
analog way, without complicated electronics in the bulk of the component. On the other
hand, proportional counters require an electric field to attract electrons to a reading
channel. The cascade or avalanche effect plays a central role in those. A single interac-
tion could trigger a chain reaction that ends up making a signal in a circuit. Examples of

this idea were also mentioned in the Drift Chambers (DCs) subsection.

A type of proportional counter using brand new technology will be introduced in this
chapter. Their properties and features will be also covered. Other definitions essential

for the rest of the work are commented too.
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Figure 11.1: Scheme of the main components of a LGAD sensor. A qualitative depiction
of the electric field magnitude at different depth of the sensor is shown too.

11.1 The LGAD technology

The devices of interest for this study are generically called Low Gain Avalanche Detectors
(or Diodes) (LGADs). They are silicon detectors that use the avalanche effect in a doped

region to amplify a signal that travels through the active thickness of the sensor.

The basic configuration of a LGAD sensor is presented in Figure 11.1. Firstly, the bulk
of the interactive media is composed of the substrate and a grown epitaxial layer over
it. The main arrangement consists of two layers of doped silicon creating a p-n junction
at the top border of the device. A n™" implant covers the outermost layer. Below it, a
pt silicon layer usually doped with boron is located. A Junction Termination Edge (or
Extension) (JTE) is placed around the structure. This later is a mechanism for avoiding
charges to travel through certain portions of the detector, to prevent signal leaking and
inhomogeneities in the inner electric field. When a bias voltage is applied the p* layer
is depleted, leading to an intense electric field. This in turn accelerates any charged
particle passing through the zone, stimulating the ionization of the rest of the material.

That is the reason why this layer is often called the gain layer.

These sensors are designed to work in reversed-bias mode. This makes the device, in

principle, sensitive to particles that can generate a significant signal only. On the other
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hand, the essential feature of the configuration is the amplification of the signal in the
gain layer. This component is expected to increase the number of charges by a factor of
5 to 100. It has been demonstrated that LGADs achieve their best performance at bias
voltages near the breakdown [36, 37]. This would also make the device highly sensitive
to noise and background that could produce false signals. Consequently, the sensor is
functional for particles that don’t generate a large current, since this would break the
system and very likely kill the sensor. This produces a natural interest in minimum ion-
izing particles (MIP). MIPs are not a specific entity but the state of any particle when
it minimally interacts with the environment. Every charged particle will ionize when
passing through a material. Also, it possesses a range of energies/velocities where the
media is ionized at an almost constant rate, known as the minimal ionization regime. The
Bethe-Block curve models the evolution of the energy deposited and depends on para-
meters such as the composition of the media, and the velocity and mass of the particle.
Figure 11.2 presents a list of particles and their respective curve with diverse materials as
a function of the particle’s energy. Heavier particles need more energy to be considered
a MIP. At lower energy values, all particles end up ionizing at a huge rate until it is com-

pletely stopped.

A functional LGAD has the components described above organized as in the left image
of Figure 11.3. Special care on the dimensions, like the relation of the thickness and
area of the layers, was taken in order to assure an homogeneous inner electric field. The
principle of operation requires an ionizing particle to interact with the bulk. A series of
electrons and holes will drift due to the internal field mentioned. Since electrons have a
faster mean velocity than holes, we use them as prompt to generate the signal, thus they
move towards the gain layer. New models of LGADs with other fascinating characteristics
use holes for the reading instead [39, 40]. The charges get multiplied after interacting
with the gain layer. Later, they are collected by the metallic structure on top. This model
receives the current directly from this metal part, thus re-labelled as DC-LGAD afterwards

to avoid conflicts with other models such as AC-LGAD, iLGAD, etc.

The same general structure is repeated for AC-LGADs with subtle but fundamental
changes. Figure 11.3 right depicts a transverse cut of the model. A dielectric layer is

placed between the reading pads and the outer n™ doped layer. The doping of this last
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Figure 11.2: Bethe-Bloch curve for a variety of particles and materials in logarithmic
scale. Taken from Chapter 34 in [38].
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one is different so that another n** implant, with a tendency to attract more electrons,
is imbedded in certain regions surrounded by JTEs and directly connected to a grounded
metal section, different from the pads located over the dielectric. This configuration
creates an electric field that permits the ionization current to get collected by these end
connections. The charges are forced to travel below the dielectric. Therefore, charge is
induced in the pads, generating an AC signal that is recorded by the oscilloscope. This

system is said to be of net zero charge since no charge is collected, just induced.

The flow of direct or alternating current produces a pulse shape that can be recorded
with an oscilloscope. We define some properties of the wave form that will be useful for
characterizing the response of the sensor. An usual feature observed is the oscillation
of the signal around a central value. This value is known as baseline and the mean de-
viation from it is regarded as noise. Random interactions from external events such as
astroparticles or the electronics produce these variations. The height of the peak from
the baseline is the maximum amplitude. Independent of the model, the pulse shape en-
codes details about the charge deposited in the sensor by ionization. The integral of the
pulse gives a quantity that is proportional to the charge. Assuming an impedance in the

order of ~50k(2, the charge would be in the order of the fC.

The time length from the beginning of the pulse to its peak is commonly known as
rise time. For practical reasons, it’s not customary to take the whole range because of the
loose definition of the initial time. Instead, a fraction of the total is taken. A 10 — 90%
or 20 — 80% are the usual selections. The former definition will be used for the rest of
the text. Finally, the slew rate is a related quantity that could be intuitively thought as
the the slope of the pulse. A formal definition would be 9 and, in practice, we take the

maximum slope as the characteristic value.

The LGAD technology has demonstrated outstanding timing performance. A correct
measurement of this quantity requires a careful consideration of all of the contributions.
This is imperative especially in these sensors where some terms that are usually neg-
lected could be of a size comparable to the overall performance [42]. Apart from constant
offsets and delays, the whole readout system introduces a component of uncertainty

named jitter associated to the noise. Also, the time walk of the ionization process can be
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modelled as a Landau distribution, adding another source of uncertainty. A simplified

version of the total time resolution is

2 _ 2 2 2
Oi = Olandau + Tjitter + O delay- (11-1)

The Landau contribution has been set to approximately 30 ps for the usual 50 pm active
region’s thickness. This quantity often represents the limiting resolution of the configur-
ation. Additionally, the jitter can be extracted from the pulse shape previously discussed.

Its effect is given by two equivalent definitions:

rise time Noise (11.2)
Tji - - ’ .
Jitter SNR slew rate
where SNR = f&i—ﬁl is the signal-to-noise ratio. The delay contributions are usually small

enough to be safely neglected. In summary, the main sources of uncertainty are the

Landau (often denominated Landau floor) and jitter terms.

A final comment on AC-LGAD’s special features. Charge is induced in different amounts
in the metal pads of the surface. This could give valuable information about the location
of the hit. Since a finite amount of charge is deposited in the device, we can compute how
much of it has been split in the channels. We call this effect the signal sharing property
and we will exploit it to improve the position resolution. The method has a disadvantage,
though. Each of the pads could in turn polarize their neighbours. This effect is known
as cross talk and is similar to the sharing. Both happen at the same time, so it is hard to
distinguish one from the other. In terms of the pulse shape, the cross talk affects after
having charge deposited in the pads, so we see an asymmetry in the pulse due to an

increased time of recombination of the charges.

Low Gain Avalanche Detectors (LGADs) 95



Chapter 12

Instrumental facilities

In this section the setup used for testing the sensors, a description of the beam and fea-

tures on the data taking are also reviewed.

12.1 The Fermilab Test Beam Facility (FTBF)

The Fermi National Accelerator Laboratory (Fermilab) is a particle physics laboratory
located in Batavia, Illinois, USA. The laboratory is widely known for its involvement in
discoveries and research on technology. The discovery of the top quark (), B, oscilla-
tions, and the observation of two types of 3 baryons are among its most successful con-
tributions. The proton’s accelerator system consists of two main structures: the Main

Injector Ring and the Tevatron (both presented in Figure 12.1).

Tevatron is the bigger structure and not long ago was recognized as the accelerator
with the most energetic beam (a few TeV) and highest luminosity ever achieved (in the
order of 103% cm—2s™1). It reached energies going up to 1 TeV and might be the most
famous building of the laboratory, being the principal ring and with which most of the
discoveries mentioned were done. This accelerator ceased operations in 2011 and cleared
the way for the, at that time, recently commissioned LHC, which was just starting to work
with around four times higher energy and similar luminosity. Even though nowadays it’s
not fully working, portions of it are used to help the Main Injector in getting beam to

certain experimental halls.

On the other hand, the Main Injector was used along with the Tevatron as the initial

beam injection, reaching energies of 150 GeV. Even today it is still used for several ex-
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Figure 12.1: Satellite photo of the Fermilab complex with the Main Injector, Tevatron,
and Fermilab Test Beam Facility (FTBF) among others highlighted.

periments and there are prospects on using it in future research. Renowned programs
such as the Muon g-2 are currently using this facility. Some neutrino physics studies were
performed with this initial beam too by various experiments such as MINERvA, MINOS,
NOvA, and DUNE.

The left portion of Figure 12.1, where the Meson Beam Line is, separates the beam in
three lines. Each of them has a different portion of the initial luminosity and can be used
for different purposes. For instance, some radiation tests were developed in the branch
with the highest flow. Our interest is in the branch that gets to the Fermilab Test Beam
Facility (FTBF) [43].

The FTBF is the building that houses the end of the beam line and where our experi-
mental enclosure is located. The proton beam reaches energies of 120 GeV at this point.
As it was mentioned in Chapter 10, the sensors are expected to work in the outer layers

for MIPs, so we must test them in an environment that mimics this situation.

The main feature of the enclosure is the tracking system, named the Silicon Telescope.
This structure is a dedicated system for charged particles’ tracking that achieves high
precision measurements with resolutions of 5pum, mounted along the beamline [44].
The Telescope readout system is capable of accumulating up to 150,000 beam tracks per

minute with a fast triggering time of a few ns. The whole structure was designed to be
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Figure 12.2: Enclosure at FTBF with the DUT box at the center, pixels and strips from the
telescope at both sides of it, and the rear box at the right.

minimally interacting, leading to negligible beam-scattering effects. All the components
of the tracker only sum up to 11% of the total radiation length of protons. Two types of

detector constitute the Telescope: 6 strip stations and 4 pixel planes modules.

The strip stations are composed of two strip arrays each (12 layers in total), oriented
orthogonally to get good = and y measurements. The strips are 9 cm in length, with a
thickness of 320 pm, and 60 pm pitch. Correctly aligned, the contribution of all of the

layers gives an overlap coverage area of 3.84 x 3.84 cm?,

The pixel system was made using leftover modules from the CMS Forward Pixel de-
tector and were recently upgraded from Phase 0 CMS pixels to Phase 2 CMS pixels, only
available for the 2022 measurements. A total of 4 planes were installed, tilted 90° one
with respect to the next, giving a difference in the resolution achieved depending on
the orientation of the array of pads. The original configuration used pixel cells of size
100 x 150 pm?, making a total square active area of around 0.81 x 0.81 cm? per pixel. A
layer has an array of 2 x 4 pixels generally, leading to an area of 1.62 x 3.24 cm? for a
single layer and, finally, a whole system’s overlap coverage area of around 1.6 x 1.6 cm?.
For the upgrade, cells of 25 x 100 pm? were used, in arrays that led to an active area of
1.36 x 0.96 cm?. After aligning, the modules overlaps on a region of 0.96 x 0.96 cm?,

with four expected pixel hits per track.

A Fermilab readout board of 16 independent channels has the device under test (DUT)
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mounted on it, giving the flexibility for reading several channels in parallel. External
to this system, a micro-channel plate photo multiplier detector (MCP-PMT) commonly
called Photek with an excellent time resolution of about 10 ps is connected downstream,
inside the rear box, to be used as a time reference (see Figure 12.2). This sensor and the
channels of interest of the DUT are connected to a Lecroy Waverunner 8208HD oscillo-
scope where signals are read, triggered by a scintillator', and stored by making use of
the DAQ system integrated on the Telescope. The oscilloscope has up to eight readout
channels (seven DUT channels + one saved for time reference) with a bandwidth of 2 GHz

and a sampling rate of 10 GS /s per channel.

12.2 Sensors under test

A selection of LGADs were developed by two main fabricators: KEK/Tsukuba group in col-
laboration with Hamamatsu Photonics K.K. (HPK) and Brookhaven National Laboratory
(BNL). The study of the properties and comparison of the probes was divided in different
campaigns of data taking carried out between 2021 and 2022.

Previous studies on radiation strength demonstrated how DC-LGADs were suitable for
long term studies in radiation zones with high pileup, requirements introduced in Chapter 10
for future experiments. According to those results, a carbon implant apart from the
boron in the gain layer helps in reorganizing the semiconductor structure faster and
enhances the sensor’s expected lifetime without significant impact on its performance.

This feature has been exploited especially by the BNL models.

The AC couplings of sensors with string configuration were read by a wire bond on
the ends of the strips in an alternating pattern. This distribution optimizes the space
between the connections to the sensor and the readout board and helps in compensat-
ing for signal propagation delays by mixing information of neighboring strips. This last
consideration is of great importance for larger strips, where significant differences in

the readout time of the signals are expected.

The gain layer as well as the bulk and all of the silicon components were produced in a

10n the 2021 campaign, the AC-LGAD runs used a DC-LGAD as trigger.
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common wafer from which several sensors were cut. This ensures that all of the devices
have the same composition in each batch of sensors so that the response is expected to

be the same under similar conditions.

12.2.1 First Campaign (2021)

The main purpose of the 2021 campaign was to compare the performance of sensors
created by different vendors with different geometries (pads and strips). For the strips
case, we had a model from a previous test (so called BNL 2020) that was intended to be used
as a reference. This involved the commissioning of a new oscilloscope, so any significant
improvement in the results obtained for the last year’s sensor could be addressed by this.
It is important to remark that the Telescope had a previous version of the pixels available

at that time, providing an overall worse spatial resolution in the order of 50 pm.
The sensors tested are shown in Figure 12.3 and their specifications are listed:

o HPK pads: Pads of 500 x 500 pm? were placed in 2 x 2 arrays using wafers with an
active thickness of 50 pm but different doping, labelled as B2 and C2°. Both wafers
have the same p™* doping concentration but C presents a higher n* resistivity
(around 3 times) than B. Each sensor has its four pads at different distances, with
gaps of 20, 30, 40, and 50 pm.

© BNL 2020: An array of 17 strips of 1.7 mm length and 80 ym width, with a pitch of
100 pm between each strip center. The active region has 50 jym of thickness.

o BNL 2021: An array of three groups of six strips (18 in total) with a variable pitch
per group of 100, 150, 200 pm. All of them have 2.5 mm length, 80 pm width, and

50 pm of active thickness.

12.2.2 Second Campaign (2022)

Only BNL sensors were considered for this study. A collection of 15 different AC-LGADs
were tested, but the analysis focused on five with similar characteristics to identify the

effect certain geometrical parameters had on the properties of the sensor such as the

*The nomenclature is explained in Table I of [45] along with the presentation of other models not tested
here.
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Figure 12.3: Photograph of the sensors tested in the 2021 campaign: HPK pad (left), BNL
2020 (center), and BNL 2021 (right). A detailed description of their geometry is given in
the text.

Figure 12.4: Photograph of the sensors tested in the 2022 campaign with strip length of
0.5 cm (left), 1 cm (center), and 2.5 em (right). A detailed description of the remaining
geometric parameters is given in the text.

resolution. The five sensors had the same pitch of 500 nm, active thickness of 50 jum,
and wafer substrate of 300 um. Three of the sensors had 1 cm long strips with variable
width of 100, 200, and 300 pm. These are presented in Figure 12.4. The remaining pair of
sensors had strips of 200 pm width and different lengths of 0.5 and 2.5 c¢m, respectively.
Given their similarities, we will refer to the elements of this batch by their strip length
in mm and width in pm, labelling them as BNL (length mm)-(width pm). For example, the
sensor of 1 cm long and 200 pm width will be called BNL 10-200.
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Chapter 13

Results

The data taking campaigns had the objective of testing the capabilities of different con-
figurations of LGAD sensors and show how their geometries could affect the performance
of the whole system. The properties of interest for these configurations are the spatial
and temporal resolutions, detection efficiency, and charge deposited, among others that

will be properly introduced below.

13.1 First Campaign (2021)

13.1.1 BNL strip sensors

The first focus of the study was in the BNL sensors with variable pitch. A previous public-
ation presented simulations for the response of the AC-LGADs as well as a good perform-
ance of the 2020 batch [46]. Nevertheless, these results were limited by the Telescope
system capabilities and the readout system. This last point was relevant, since a main
feature of these sensors is the charge sharing capacity. This attribute was not fully ex-
ploited in the preceding campaign due to the maximum number of channels available
in the oscilloscope in usage at that time. Only four channels could be read, resulting in
three saved for the strip’s responses and one extra saved for the timing reference. Our
upgraded setup, introduced in Chapter 12, includes a refined system with capacity of
up to 8 channels, providing the environment to study brand new possibilities such as a
multi-channel signal readout. The main study is not only focused on the variable pitch

response. In addition, updated measurements from the past sensor will quantify the im-
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Figure 13.1: Pulse shape in a 10 ns time window for a direct hit in a strip. The previous
result (left), with only three channels available, had the central strip hit. The 2021 result
(right), presenting five channels, had the third one hit. The signal recorded in adjacent
and next-to-adjacent strips is also presented.

provement of the setup as well as serve as a reference to contrast the characteristics of

the new batch.

Healthy signals were reported as presented in Figure 13.1. The neighboring channels
are well defined, easily spotted with a smaller amplitude. This is a good sign for the qual-
ity of the resistive layer. Note a second peak, an overshoot, after the main peak. Its pres-
ence is predominant in the hit channel and it’s related to the recombination of charge in
the AC-pads. The thickness and composition of the p-n junction affect the shape of the
wave form. This aspect is crucial for the development of future devices, since a shorter

tail of recombination could reduce the dead time of the sensor.

For the analysis, a Constant Fraction Discriminator (CFD) is used to define the timing
information. We use a local polynomial fit to reconstruct the first half of the main peak
and define different timestamps associated with a certain percentage of the maximum
signal. The rise-time is defined as the time required to go from 10% of the peak to 90%.
This definition prevents triggering with noise, though it is sensitive to the recombina-
tion peak (overshoot). Note that the polarity of the peak, this is the sign of the voltage,
is not fixed by construction but is presented as negative for consistency. A substantial

overshoot could trigger the collector, thus reducing the efficiency of detection.

The time reference (Photek) is located downstream at a fixed distance from the DUT.

The delay is in the order of 10 ns. This constant offset is used to define a narrow time
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Figure 13.2: Most probable value (MPV) signal amplitude in strip sensors vs x sensor
position. BNL 2020 (left) and BNL 2021 with 150 pm pitch (right).

window of 10 ns in the oscilloscope for taking data. Everything outside that range will

be discarded. The tuning of the offset optimizes the use of memory and saves resources.

The peak of the wave form is regarded as the maximum amplitude and it is saved for each
event in every individual channel. From these quantities we can define a leading channel,
the one with the highest portion of signal, and sub-leading channels in decreasing order
of amplitude. The most probable value (MPV) of this amplitude distribution is presented
for the individual channels in Figure 13.2. The values achieved by the 2020 sensor are
around 100 mV for direct hits. This is clearly smaller than the result in the new batch,
with values of 140 mV. Even though both configurations are different in terms of geo-
metric parameters such as pitch and strip length, the discrepancy of the maxima is ex-
plained by the bias voltage applied. A higher voltage, near but below breakdown voltage,

is expected to produce a larger amplification of the signal.

Two thresholds are defined in order to accept an event from the highest signal’s chan-
nel or a secondary one. The value for the leading strip was set to 30 mV for the 2020
device and 40 mV for the 2021 sensor. The second threshold is implemented to remove
noisy signals from the channel with the second highest amplitude. This noise limit was

set to 10 mV and 20 mV for the 2020 and 2021 devices, respectively.

An algorithm of position reconstruction was developed by taking advantage of the
charge sharing. Whenever two or more strips have a signal that is higher than their

corresponding threshold an interpolation of the hit position is possible. The reconstruc-
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Figure 13.3: Reconstruction function over the original signal profile from the center of
the leading channel. A grey rectangle shows half of the leading strip at the bottom.

tion proposed uses the fraction of the total signal at a certain distance from the leading

strip to calculate the position of the hit. The fraction is defined as

fiEaz’/ > ay, (13.1)

j={channel}

where 7 is the index of the channel with the highest signal and the sum is over all chan-
nels. Negligible improvements were presented after adding extra channels, so only the
two leading strips will be considered. The method uses the fact that the profile of the
signal sharing is independent of the channel, but depends only on the composition and
distribution of the medium. With this, the information from all of the channels can be
joined to characterize the charge distribution pattern of the sensor. The distribution is

fitted with a polynomial of 4-5 degree as presented in Figure 13.3.

The efficiency of a sensor is defined by the number of events that have the primary and
secondary amplitude above their respective thresholds over the total events in the active
area. This selection was performed per strip and overall, as it is presented in Figure 13.4.
Note how the metallic sections of the strip hit reaches full efficiency over its surface. This
extends outside the metal into the gap, with significant efficiency even in hits produced

on other strips. Overall, the sensor presents a full efficiency in its region of interest.

The spatial resolution achievable by the sensor depends on the method of reconstruc-
tion implemented. The process described above uses the position given by the tracker

as a reference and measures how displaced is our estimation from it. Another method
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Figure 13.4: Efficiency vs x sensor position. BNL 2020 (left) and BNL 2021 with 150 pm
pitch (right). The strips are depicted as grey rectangles in the background for reference.

of reconstruction is called the binary readout. As its name suggests it is a dichotomous
selection, to accept or reject an event. This is the simplest implementation since we only
define the signal threshold and associate the hit to the leading channel. We can certainly
limit the region of interaction, but further information is not available so the description
is not very precise. The resolution value of this method is given by assuming a uniform
distribution in the active region surrounding the channel. This ends up being pitch //12.
Both methods are contrasted in Figure 13.6. The x position is defined along the array of
strips, perpendicular to them. This formulation is useful for determining the homogen-
eity of the reconstruction over the active region. A remarkable improvement of the so
called two-strip reconstruction is found with respect to the binary readout. The tracker’s
contribution is estimated to be 5 pm and is not subtracted in the plot. In general, the
method gives rather uniform values, lower than 8 pm, with a tendency to better results

in the gaps. Some bins in these interfaces get values down to the tracker’s capacity.

The timing performance in previous LGADs has been outstanding. DC-LGADs demon-
strated to reach precision of 20 — 30 ps [47]. Two methods of timing determination were
developed, both with the signal sharing as central mechanism. First of all, a fine cor-
rection of the time stamp is added for each individual channel, apart from the constant
Photek offset. This correction has to do with the wire bonds described in Chapter 10,
since adjacent strips are bonded in opposite ends. The correction is in the order of 0.5 ns

in general. The distribution of the difference of these corrected values with the Photek
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time is fitted with a Gaussian-ish shape to extract the resolution. A second method uses

the signal sharing to make a weighted-average of the hit time, following:

twi = >, wit, w; = fj; (13.2)

j={channel}

where the weight is the signal fraction of Equation 13.1 taking all channels in principle*
and i corresponds to an exponent chosen to be 1 or 2. The resulting weighted time uses
i = 1 for this analysis and is compared to the Photek timestamp too. A summary of the
performance of both methods is shown in Figure 13.7. Though a small improvement is
observed overall, the multi-channel method tends to have uniform response in the gaps,

reaching values below 30 ps.

13.1.2 HPK pad sensors

The same characterization described in the previous subsection was studied in the HPK
sensors with metallic square pads as inductive surfaces instead of rectangular channels.
Nevertheless, not only a different geometry is tested but also the resistive layer compos-
ition as discussed in Chapter 12. Beginning with the MPV signal detected by the different
pads in Figure 13.5. We see a clear differentiation in the maxima of both samples. Even
though the bias voltage applied on the B2 sensor is higher than on C2, the latter got an
amplified signal of up to 130 mV, contrasting with the 100 mV at most of the former. This
is not surprising, since a higher resistance requires more energetic events to be correctly
recorded. Also, this explains why the minima are lower in the resistive one too. The total
effect could be summarized as a steeper distribution on the profile as the resistance in-

creases.

The reconstruction of both spatial and temporal information uses the same algorithms
previously introduced. The summary projections for the C2 pad are presented in Fig-
ure 13.6 and 13.7. Without loss of generality, only the x dependence is shown due to the
symmetry. The data from top and bottom pairs of pads is summed. Note the non homo-
geneity in the spatial performance, with a minimum of less than 20 ym in the gap and

values that could double that in the inner pads. The multi-channel time reconstruction

!As it was discussed previously, usually only the two leading strips are enough to reduce the intrusion
of noisy signals.
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Figure 13.5: Most probable value (MPV) signal amplitude in pad sensors vs x sensor pos-
ition. HPK B2 (left) and HPK C2 (right).
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Figure 13.6: Position resolution vs x sensor position. BNL 2020 strips (left) and HPK C2
pads (right).

in pads produces a similar effect as in the strips, slightly improving the resolution in the

gap, but with almost no effect in the metal part.

A summary of the quantities reported from all samples, including some not carefully
developed in the text, is presented in Table 13.1. The required timing performance was
accomplished by all of the samples, with resolutions around 30 ps. A higher pitch in-
creased the signals achieved, probably associated with a higher active area in the sur-
rounding region of each channel. The pads had a sufficient performance, with no clear
impact on the results related to the composition of the gain layer. On the other hand, the
BNL strips achieved an amazing spatial resolution that competes with that of the tracker

system.
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Figure 13.7: Time resolution vs x sensor position. BNL 2020 strips (left) and HPK C2 pads
(right).

Table 13.1: Performance summary for BNL strip and HPK pad detectors. A 10% uncer-
tainty is applied to the MPV signal amplitudes, representing the uncertainty in amplifier
calibration. The position resolutions quoted for the strips are only upper limits since the
measurements are limited by the resolution of the tracker reference. The HPK position
resolution and all time resolution uncertainties represent the statistical error, only.

Name Pitch | Primary signal amp. | Position res. | Time res.
Unit pm mV pm ps
BNL 2020 100 101 =10 <6 29+1
BNL 2021 Narrow 100 104 + 10 <9 32+1
BNL 2021 Medium | 150 136 + 13 <11 301
BNL 2021 Wide 200 144 4 14 <9 33£1
HPK C-2 500 128 + 12 22+1 301
HPK B-2 500 95+ 10 24 +1 27 £1
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13.2 Second Campaign (2022)

The main idea behind the five samples studied is to quantify the impact that some geo-
metric parameters have over the performance of the sensors. Since the pitch was already
tested revealing a negligible effect, only two other quantities are varied at a time: strip
width and strip length. Our tracking system received the upgrades described in Chapter 12
with a more stable configuration. However, the longest sensors had to receive a special
treatment due to their larger size compared to the trigger and the pixels of the telescope.
Therefore, a different trigger with a larger transverse area was used for the whole cam-
paign. Additionally, a looser requirement in the number of pixels was applied over the

longest strip’s data.

In the analysis part, a lot of improvements were added to the framework?®. A robust
process of alighment of the sensor with the telescope system was developed. The sensor’s
local coordinate system is defined in the sensor’s plane, as a 2-dimensional space centered
at the very center of the device. This frame is useful for describing what the device ‘sees’.
But the transformation from the laboratory system is not easy. At best, we can use some
observable quantity that gets impacted by the inaccuracy of the alignment of both sys-
tems and calibrate based on that. An iterative process was defined using, for instance,
the overall spatial resolution in x as a means to correct the rotation of the sensor around
the beam axis. This correction was proved to be small for previous samples, given their
small sizes. The current batch has dimensions that are more sensitive to it. Figure 13.8
presents the output obtained while tuning the angle of rotation mentioned above. Note
how a bad selection could spoil the results from ~26 pm to 40 pm. The same process is
repeated for the other two angles of rotation (around x and y laboratory) and the z po-
sition of the DUT inside the telescope. After two iterations, the parameters converge to
values that present variations comparable to the telescope resolution, hence the process

is terminated since more precision is impossible.

The pulse shapes of these configurations are summarized in Figure 13.9. Note that
each distribution is normalized, thus a correct comparison requires a similar charge de-

posited. A similar rise time and recombination time is presented for all widths. In con-

2Github repository: https://github.com/FNAL-AC-LGAD/TestbeamReco
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Figure 13.9: Wave form of BNL strip sensors with variable width (left) and variable length
(right).

trast, the different lengths have a clear effect on the distributions with a smaller slew
rate for shorter strips. This could be explained by recalling the capacitance structure
that leads to the induction of the channels. In principle, the main effect should be dom-
inated by the product of width and length. An extra contribution introduced as cross talk
in Chapter 10 makes the difference. This quantity should depend directly on the length

but not the strips width, so a different response in recombination is not surprising.

To make possible an in-detail characterization of some samples, a huge data set was
collected with the 1 cm sensors of 100 and 200 pm metal width. Some useful represent-
ations such as 2-d maps are viable in this context and give a sense of the process better
than with 1-d projections. Regarding the amplitudes, we see a lot of features over the

surface of all of the samples in Figure 13.10. The signals reach values of around 60 to

Results 111



FNAL 120 GeV proton beam BNL 10 200 255V % FNAL 120 GeV proton beam BNL 10-200, 255V
'g‘ S‘ S‘ 1\ T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T \E
é ,§ ,g, 10; —— High-gain region —— Low-gain region ----- Gap region 7
[t O O - .
2 22 F E
2 S S-10- =
8. e € - 3
> © < C ]
X C - .
o] © = ]
E () ; -
= = - .
T \\\\\\\\\\\\\\\\\\\\\\\\\\\\ ‘ L1l ‘ L1 \E
8 9 10
Track x position [mm] Time [ns]
FNAL 120 GeV proton beam BNL 10-100, 220V
T D : SE z
E f EE E
— ) )
s 35S g
7} B 3 @ =
g L £ & g
> | T > ©
X C X C
] 2 - c © ©
& - - § & §
= o =
: 2
) 3
L - ;!
L b +
41— = -
: 5 E
[l
-2
Track x position [mm] Track x position [mm]

Figure 13.10: Amplitude map of the 1 cm sensors with varying width of 200 pm (top left),
100 pm (bottom left), and 300 pm (bottom right). The average pulse shapes from regions
with different gain from the 200 pm width sensor are presented (top right).

90 mV, with smaller values in the 300 pm width sensor, attributable to the lower statist-
ics. Significant variations in the signals are detected even along the same strip. This be-
haviour was determined to come from non-uniformity in the gain layer. Certain regions
generate a higher or lower signal, thus denominated high-gain and low-gain regions rep-
resented with red and blue, respectively, in Figure 13.10. The wave forms reveal changes
in the risetime and recombination time. This consideration is critical for many perform-
ance metrics since the sensors are expected to have their best performance at voltages
just below the breakdown. Several inhomogeneities in the gain layer will cause under-
biasing in some portions of the sensor, worsening the overall performance. Therefore,
the properties of the sensors will depend significantly on the uniformity of the whole

active surface. All of the sensors had a signal threshold of 15 mV to avoid noisy signals.

A more precise description of the reconstruction was implemented. We keep using

the reconstruction of Figure 13.3 but in a smaller zone, due to the inaccurate perform-
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Figure 13.11: Comparison of reconstruction fit for different width (left) and length
(right). Grey background depicts the metal edge of the strip. A solid line shows the por-
tion of the fit where the reconstruction is reliable, followed by a dashed part where the
binary readout is applied.

ance of the method in the inner metal regions. Figure 13.11 has the fit to the charge
fraction profile for all samples. Note that the fit stops working a bit after getting into
the metal region. This makes desirable thinner strips to increase the applicability of the
reconstruction. Every event with a significant signal in at least two adjacent strips and
with an amplitude fraction within the range of use of this fit will have its position recon-
structed interpolated as in the previous section. This method will be denoted as two strip
reconstruction. If at least one of those requirements is not fulfilled, we can’t assure the
process to be reliable, hence a default method called one strip reconstruction is used. This
method assumes the hit is in the leading channel. If both methods were fully localized,
say all the events in the gap use two strip reconstruction and all events in metal use one
strip, then the latter should have a resolution comparable to the binary readout in the
metal region, width //12. However, as seen in Figure 13.12, the efficiency of both meth-
ods is not full in any of the regions. The efficiency is defined as the ratio of events using

one of the methods of reconstruction over the total events in the active area.

The resolutions obtained in the gaps, where the two strip method is dominant, are very
uniform and go down to 20 pm. The one strip reconstruction, though relatively far from
the other method, is also uniform and shows a significant improvement with respect to
the original binary readout. A fourth dashed curve is presented with an expected resolu-
tion coming from the uncertainty propagation in Equation 13.1. The idealized response

gets smaller values than the actual measurement. This is attributed to defects such as
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Figure 13.12: BNL 1 cm length 200 pm metal width results. Position resolution vs x sensor
position (left) and efficiency vs x position (right).

the non-uniformity found, specific channel-to-channel variations or contributions from
the external tracker. Although both methods give dissimilar results, we observe a tend-
ency to uniform values across the active surface as strips get thinner. This solution also

increases the efficiency of the two strip method.

The timing calculation is similar to the one discussed in the previous section. Another
fine tuning is added, apart from the reference and channel corrections. An empirical
delay map is presented in Figure 13.13. This two-dimensional representation corrects
the event time more accurately, similar to the correction per channel. The implement-
ation of this extra layer of detail arose for longer strips, because of the finite velocity of
propagation of the signal. Delays of up to 1 ns were obtained in 2.5 cm long strips. The
impact of these corrections in the time performance is also presented in Figure 13.13. In
the plot, the red curve has the resolution without any rectification. In black, the channel-
dependent offset is used similarly to the previous batch. Although there is an improve-
ment in the metal section of around 10 ps, the gaps remain problematic. The light blue
curve shows the effect of the map correction only with the multi-channel correction in-
troduced in Equation 13.2. The gaps were directly affected with a small effect on the
metallic parts. The final curve, in dark green, presents all corrections at the same time,
as well as the multi-channel, with a refined algorithm (; = 2 in Equation 13.2). Both
effects described, in gaps and in metal, are acting together to produce a more uniform
response. We report resolution values in the order of 40 ps for this sensor. This number

is averaged over all the surface, including non-uniform parts. Looking at high-gain re-
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Figure 13.13: BNL 1 cm length 200 pm metal width results. Time resolution vs x sensor
position (left) and delay map (right).

Table 13.2: Summary of spatial and timing performance for the five fully analyzed
sensors. The time resolution for the high gain regions is shown. The position resolu-
tions and efficiencies are shown for both the one and two strip categories.

Time resolution Spatial resolution
Exactly one strip Two strip
Name High gain Resolution | Eff. | Resolution | Eff.
Unit ps pm - pm -
BNL 5-200 301 61 t1 35% 12+1 65%
BNL 10-100 35+1 69 £ 1 23% 19+1 77%
BNL 10-200 32+1 82+1 43% 18 £1 57%
BNL 10-300 36 £1 831 51% 16 =1 49%
BNL 25-200 511 128 =1 82% 311 18%

gions only, the temporal performance is improved to 32 ps. The tracker contribution is

estimated to be 10 ps and is already removed in quadrature.

A summary of the best time resolution in the high-gain region and the detail of each
position resolution, as well as the percentage of events using each method, is presented
in Table 13.2. The efficiency of the two strip method is increased as the strip width and
length are reduced. For longer sensors, thinner strips help in extending the use of the
multi-channel reconstruction, though the nominal value seems to get slightly worse. On
the other hand, the one strip method tend to the binary readout width/+/12 value as
the length decreases. Time resolutions going down to 30 ps were obtained even in 1 cm
sensors. The biggest impact comes from the gain layer, so further studies with proper

uniformity will be needed to establish a correct limit of the sensor’s performance.
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Chapter 14

Conclusions

The characterization of several AC-LGAD sensors was performed in two campaigns of
data taking developed during 2021 and 2022 using the 120 GeV proton beam at the Fer-
milab Test Beam Facility. A series of devices were manufactured by two different insti-
tutions: KEK/Tsukuba group in collaboration with Hamamatsu Photonics K.K. (HPK) and
Brookhaven National Laboratory (BNL). The former produced sensors with a pad config-
uration for readout that were tested in the first campaign only. Meanwhile, the latter

used a strip configuration with a variety of dimensions, tested along both campaigns.

A framework of analysis was developed to manage the response of the device under
study through the oscilloscope and the external tracker information. Several improve-
ments were included since the first campaign, with an emphasis on the proper alignment

of the samples with the telescope system.

The first batch of sensors presented an excellent timing performance with time resol-
utions of about 30 ps independent of the geometry. The pads had a different composition
of the gain layer with a model with higher resistivity that showed a considerable incre-
ment in the signal amplitude but a negligible improvement in the position resolution,
reaching values slightly higher than 20 pm with both samples. The strip sensors showed
an outstanding performance of 6 to 11 pm, sometimes limited by the tracker’s resolution.
Higher signals were reported with increasing pitch. The quantities of interest described

were almost unaffected by pitch variations.

The second batch introduced a more detailed methodology of reconstruction and a

more extensive study of the effects in variations of strips’ length and width. The whole
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set of samples presented a non-uniformity of the gain layer, independent of the wafer,
detected in the amplitude profile. This issue impacted the overall performance of the
sensors, due to an underbiasing in the regions with a lower gain implant. The best tim-
ing resolution of 30 ps was achieved by the shortest sensor with 5 mm length. The 1 cm
devices had slightly worse values in the high-gain region, with results between 32 and
36 ps. The uniformity issue directly affected the performance of the 2.5 cm sensor, rais-
ing the time to 51 ps. The different lengths also affected the pulse shapes, providing a
larger risetime for longer strips that augments the jitter contribution to a level compar-

able to the reconstruction component.

Two methods of spatial reconstruction were implemented, one with a multi-channel
construction identical to the one used in the first campaign and a default that uses single-
channel information. The former presented better results consistently, with values ran-
ging from 12 to 19 pm when the method was applicable in more than 50% of the events.
Again the longest device presents unsatisfactory results, with more than 80% of the
events not able to use the more precise method. As the strip width decreases the res-
olution gets slightly worse, but the number of events that can use the method increase

in a higher proportion, making desirable to work with thinner strips.

Smaller devices tend to present better results, though 1 cm long samples are not too
far from them. Future implementations would be benefited by larger sensors due to
cost reasons. Since the increment of about one order of magnitude in the dimensions of
the strips has not impacted the performance in the same proportion, a trade off between
their capabilities and performance should be evaluated. Furthermore, other factors such

as uniformity of the gain layer should be revisited for a proper characterization.

The basic requirements imposed by the collaborations were satisfied in terms of tim-
ing performance. Modules for the HL-LHC with these capabilities are in construction.
Moreover, there are plans for using these devices not only for time measurements in

future upgrades but as first generation 4d-trackers in experiments such as EIC.
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