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ABSTRACT

Hadronization, the process by which a color-charged quark or gluon becomes
bound within a color-neutral hadron, remains a fundamental yet poorly understood
process in quantum chromodynamics. Current theoretical descriptions of hadroniza-
tion rely on the use of fragmentation functions, which parameterize the probability
for a quark or gluon to become bound within a specific hadron. While fragmentation
functions parameterize the hadronization process beginning with the initial state par-
ton, experiments can only detect the final state hadrons produced. One solution to
address the current discrepancy between theoretical and experimental approaches to
hadronization is to study systems in which information about both the initial state
parton and final state hadrons is experimentally accessible. Heavy-flavor-tagged jets,
collimated sprays of high-energy particles originating from the hadronization of a
beauty or charm quark, are one example of such a system as they provide access
to the flavor content of both the initial and final state particles. Distributions of
the longitudinal momentum fraction z, transverse momentum jp, and radial pro-
file r of charged hadrons in heavy-flavor-tagged jets were measured using 13 TeV
proton-proton collision data taken by the Large Hadron Collider beauty (LHCD)
experiment. The distributions were compared to those measured in Z-tagged jets,
which are primarily light-quark-initiated, to study differences between the hadroniza-
tion mechanisms of heavy and light quarks. This measurement complements previous
measurements of single-hadron heavy flavor fragmentation functions and constitutes
another approach with which to gain insight into the mechanisms underlying heavy

flavor hadronization.
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CHAPTER I

Introduction

1.1 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the quantum field theory of the strong nu-
clear force, one of the four fundamental forces in nature. QCD describes the properties
and interactions of quarks and gluons, fundamental particles which combine to form
a multitude of bound states in QCD called hadrons. The most common hadrons are
protons and neutrons, which themselves comprise the nuclei of atoms. The strong nu-
clear force is responsible for keeping quarks and gluons tightly bound within hadrons
and protons and neutrons tightly bound within nuclei, therefore its dynamics play
a vital role in giving rise to the vast majority of the visible matter in our universe.
Several features of QCD distinguish it from the other quantum field theories of the

Standard Model, yielding interesting and complex phenomena.

1.1.1 Confinement

QCD is so named for the “color” charge that quarks and gluons, collectively
called partons, have in addition to the familiar electric charge; electric charge is
carried by quarks but not gluons. Quarks can have a color charge of red, green, or
blue, while gluons carry one of these colors plus an anticolor. The use of color to

describe QCD interactions was chosen as an analogy to describe the fact that bare
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Figure 1.1: The running of the strong coupling constant ag as a function of the
momentum transfer @ [1].

color charges are never observed, and instead quarks and gluons are only observed in
color-neutral bound states consisting of all three color charges, or a color and anti-
color. This principle is known as confinement in QCD. Six different types or “flavors”
of quarks exist in QCD, all of which can be confined within hadrons except for the
heaviest quark, called the top quark, which decays faster than the characteristic
hadron formation time. The different quarks, in order from heaviest to lightest, are
the top (m; ~ 173 GeV), beauty (also known as bottom, m; ~ 4.18 GeV), charm
(m. =~ 1.27 GeV), strange (m; ~ 93 MeV), down (my ~ 4.67 MeV), and up (m, ~
2.16 MeV). The beauty and charm quarks are called heavy flavor quarks because they
have significantly larger masses than the strange, down, and up quarks, which are

collectively called light flavor quarks.



1.1.2 Asymptotic Freedom

QCD exhibits asymptotic freedom, the property that the strong force becomes
weak at short distances, corresponding to large energy scales, and extremely strong
at large distances, corresponding to small energy scales. Asymptotic freedom is quan-
titatively described by the “running” of the strong coupling constant ag as a function
of energy [21,22]. Figure 1.1 displays the measured constant g as a function of the
momentum transferred in a QCD scattering event, @ [I]. With increasing @, ag
becomes smaller, facilitating perturbative expansions used to compute cross sections
and other observables in QCD. At small values of (), ag becomes too large for per-
turbative expansions to converge. QCD processes occurring below an energy scale
of approximately 1 GeV are considered to be in this non-perturbative regime [1].
Hadronic structure, the description of hadrons in terms of the positions and mo-
menta of their constituent partons, and hadronization, the process by which partons
combine to form hadrons, are examples of QCD phenomena that cannot be described
directly with perturbative expansions.

Since confinement implies that only hadrons rather than quarks or gluons can be
detected experimentally, and as hadron structure and formation cannot be calculated
perturbatively, every QCD cross section contains a non-perturbative component. This
difficulty is circumvented by the use of factorization theorems in QCD, which enable
cross section calculations by separating the non-perturbative components from those
that can be calculated perturbatively. Different factorization theorems exist for dif-
ferent collision systems [23]. In pp collisions, the factorization theorem for inclusive

hadron production takes the following form:

o7 =N " foa, 1) © fo(wp, ) @ Hy(a, w0, 2, 1) @ D2z, ) (11)

a,b,c

In Equation 1.1, f,(x,, 1) and fy(zp, 1) are functions describing the probability that



a parton with momentum fraction x, is selected from one of the protons and a parton
with momentum fraction x; is selected from the other proton. At leading order,
these Parton Distribution Functions (PDFs) describe the probability that a parton
within a hadron carries a certain fraction of the hadron’s momentum. The object
H¢, is the hard partonic cross section for partons a and b to produce parton ¢ and is
directly calculable in perturbation theory. Finally, D"(2) is a function that at leading
order describes the number density of hadrons in parton c¢. The D"(z) is known as a
Fragmentation Function (FF) and describes the formation of the final-state hadron
h, produced as a consequence of the fact that parton ¢ must be confined within a
hadron, with fraction z of parton ¢’s momentum. FFs will be described in more detail
in Section 1.2.1. In all functions in Equation 1.1, u is the factorization energy scale,
typically taken approximately to be the transverse momentum (pr) of the produced
hadron h. The PDFs and FF in Equation 1.1 are the nonperturbative components
of the cross section and must be extracted from fits to data. They are “universal”
functions in the sense that they can be extracted in one collision process and used to
calculate predicted cross sections for other processes. The extractions of the PDF's
and FFs are performed in global fits to data collected by many experiments and

encompassing a wide variety of kinematic regimes and collision systems [21-28].

1.1.3 Jets

A jet is a unique QCD phenomenon that occurs when a high-energy parton is
briefly free from being confined within a hadron. A free parton can be produced from
the radiation of another parton, or when its initial confining hadron is broken apart
in a high-energy particle collision. The high-energy free parton will begin to radiate
gluons, which can themselves split into additional gluons and quark-antiquark pairs.
This process is called a “parton shower” or fragmentation. The resulting partons

eventually combine into hadrons, forming a collimated spray of final-state particles



called a “jet.” Jets are detected experimentally with the use of jet algorithms, which
identify hadrons that are close together in phase space and therefore consistent with
originating from the hadronization of a single parton. Due to the conical nature of
the radiation emitted by a high-energy parton, jets are defined with a “jet radius” R
that describes the radius of the cone encapsulating the produced hadrons. The jet
radius is defined in (7, ¢) space, with the pseudorapidity n being proportional to the
polar angle 6 in the lab frame according to = —In[tan(%)] and ¢ being the azimuthal
angle in the laboratory frame. The jet radius defines the distance scale between two
particles in (7, ¢) space for which they can be considered as part of the same jet.
Jets are extremely useful tools for studying QCD, as they provide a proxy for the
parton produced in the high-energy scattering event which is otherwise inaccessible

experimentally.

1.2 Hadronization in QCD

Despite the abundance of hadrons formed in high-energy particle collisions, the
process by which individual quarks and gluons, or partons, become confined in hadrons,
called hadronization, remains a poorly understood area of QCD. A better under-
standing of hadronization would greatly increase our knowledge of QCD dynamics,
specifically the interplay between partons and hadrons, and would have far-reaching
implications for understanding the visible matter in our universe. Current knowledge
of hadronization consists primarily of parameterizations of experimental measure-
ments and many open questions. Qualitative descriptions of hadronization describe
the color field between a splitting quark-antiquark pair stretching as the distance
between the quarks increases until the energy density of the color field is sufficient
to produce new quark-antiquark pairs that then combine with the splitting quarks to
form color-neutral states [1]. Fundamental details about the dynamics of hadroniza-

tion remain unclear from parameterizations and qualitative pictures, such as the



distance scale over which it occurs, the dependence of the flavor composition of the
produced hadrons on the initial parton or partons that hadronize, and the various

physical mechanisms by which a color-neutral bound state can form.

1.2.1 Fragmentation Functions

Fragmentation functions (FFs) parameterize the probability of a parton to frag-
ment into a specific hadron [29]. The FF describing the fragmentation of a parton ¢
into a hadron & is commonly denoted as D(z, 1), with z defined as the fraction of the
parton momentum carried by the hadron produced in the fragmentation process, and
w the factorization scale at which the FF is evaluated [29,30]. Collinear FFs depend
only on z and pu, while FFs that depend additionally on the transverse momentum
of the produced hadron relative to the fragmenting parton are known as transverse-
momentum-dependent (TMD) FFs. TMD FFs are sensitive to the nonperturbative
transverse momentum, with values of the order of the nonperturbative QCD scale
Aqcp. Larger values of the transverse momentum can be generated perturbatively by
hard gluon radiation. As they describe the nonperturbative hadronization process,
FFs generally cannot be measured directly and instead must be extracted from fits
to data. Jet FFs and heavy quark FFs, which will be discussed in Sections 1.2.2 and
1.3, respectively, are notable exceptions to this generalization.

Electron-positron collisions provide an ideal environment in which to measure
FFs, as there are no PDFs in the initial state [29]. However, they also provide little
sensitivity to the gluon FF, necessitating the measurement of FF's in the significantly
more complex environment of pp collisions [29,30]. Cross section measurements of
identified hadrons in pp collisions are sensitive to FFs, but the additional convolution
of the initial-state PDFs with the hard scattering cross section make extraction of

the FFs more difficult.



1.2.2 Fragmenting Jet Functions

Pioneering theoretical and experimental work turned to jets as objects in which
FFs could be more easily measured in pp collisions [30-31]. A new QCD factorization
theorem was developed to describe the production of hadrons within jets, with the
FF describing the inclusive production of a single hadron, Df]‘(z, ), replaced by a
Fragmenting Jet Function (FJF), G(z, zs,w R, j1, ju) describing the production of a

hadron within a jet [30,31,33, 35, 30]:

do_pp—>(jeth)X N )
= Z fa(x(m M)®fb('xb7 M)®H§b(xa7 Ty, 17, pT/Zv M)®Gc (Z, Zhs WJR,_]L, /1“)

dednthdsz b

(1.2)
In Equation 1.2, f, and f, are the PDF's of the initial colliding protons, and H¢, is the
hard scattering cross section describing the production of parton ¢ from partons a and
b. In addition to depending on the z and u found in single-hadron FFs, the FJF Gf;
also depends on the fraction of the jet momentum carried by hadron h in the jet, z,
and the large light-cone momentum of the jet multiplied by the jet radius, w; R [35,30].
In the FJF's, z describes the fraction of the fragmenting parton’s momentum carried
by the jet, while z; refers to the fractional jet momentum carried by the hadron in
the jet. As with the single hadron FFs, the FJFs can also be transverse-momentum-
dependent by describing the production of a hadron in the jet with momentum z and
transverse momentum j, relative to the jet axis [36]. The FJFs are related to the

standard collinear FFs D! (z, u1):

dz, z
G?(Za Rhy Wy, K E / thy Z Zh,vav )D?(Z_?)M) (13)
h

with the use of matching coefficients Jij(z,z;l,w 7, 1) that have been calculated in
perturbative QCD up to next-to-leading order [35]. With this theoretical framework

for describing hadron-in-jet production, measurements of hadron distributions in jets,
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Figure 1.2: A comparison between perturbative QCD calculations and data for the
jet fragmentation function describing the distribution of the longitudinal momentum
fraction z of charged hadrons in Z-tagged jets [2].

known as Jet Fragmentation Functions (JFFs), can be used to extract collinear and
TMD FFs with a higher precision than that obtained from single-hadron cross sec-
tion measurements [35,30]. The ATLAS and LHCb experiments at the LHC have
measured charged hadron distributions in jets in pp collisions as a function of the lon-
gitudinal momentum fraction z, the transverse momentum relative to the jet axis jr,
and the radial distance r from the jet axis [32,37]. Experimentally, these observables

are defined by the following equations:

Pjet - Phadron
7 = it Thodron (1.4)
Pjet|?
jet X adron
= |p]t Phadron| (1.5)
|pjet|
r= \/(¢j€t - ¢hadron)2 + (T]]et - nhadron)2 (1.6)

with p denoting the momentum of the jet or hadron, ¢ the azimuthal angle, and n
the pseudorapidity [32,37].
The theoretical framework using FJFs has been successfully used to describe ex-

perimental measurements, as seen in Figure 1.2 which compares perturbative QCD



theoretical calculations to LHCb data [2]. Figure 1.2 displays F(z;,), which is defined
theoretically as the differential cross section for the production of a Z boson and
an associated jet with a hadron h measured within the jet divided by the differential
cross section for the production of a Z boson and an associated jet, with no additional
measurement of hadrons within the jet [2]. The numerator of F(z;) depends on the
FJF Gz, zp,wy, 1), which in turn depends on the standard collinear FFs D;L(zh, i)
as shown in Equation 1.3 to provide the non-perturbative inputs to the cross section
calculation.

In addition to providing better constraints on the collinear and TMD FFs, mea-
surements of charged hadron distributions in jets also provide additional means with
which to probe hadronization in QCD. Comparisons of the z, jr, and r distributions
measured by ATLAS and LHCb, for example, provided insight into the differences be-
tween gluon-dominated jets and quark-dominated jets [37]. LHCb measured charged
hadron distributions in jets produced in association with a Z boson, which already
tends to select more quark-initiated than gluon-initiated jets at the LHC because the
qg — Zq partonic process dominates over the gqg — Zg process. In addition, due
to the momentum imbalance needed in the hard scattering event to produce a jet
within the forward acceptance of LHCb, the quark involved in the hard scattering is
more likely to be a light quark as their PDFs are peaked at large fractional values of
the initial proton momentum. In contrast to the predominantly light-quark-initiated
Z-tagged jets at LHCb, inclusive jets measured by ATLAS at midrapidity are mostly
gluon-initiated jets because the gg — gg process dominates. The comparisons of the
charged hadron distributions between these samples revealed that the light-quark-

initiated jets were more collimated than the gluon-initiated jets in both z and r [37].



1.3 Heavy Flavor Hadronization

Heavy flavor hadrons serve as an excellent probe for hadronization studies as
several unique features of their decays facilitate their experimental detection, and
their heavy mass makes them predominantly produced directly in the hard scatter-
ing. Consequently, heavy flavor hadrons provide direct access to the final state of the
hadronization of a beauty or charm quark produced in the hard scattering. This is in
contrast to light flavor hadrons, which can be produced from decays of heavier parti-
cles and from the hadronization of light quarks and gluons. In this section, previous
experimental studies of heavy flavor hadronization in eTe™, pp, and pp collisions are
reviewed, with a specific focus on measurements involving jets. Studies probing the
fragmentation of a heavy quark to a single beauty or charm hadron are reviewed, fol-
lowed by a review of studies probing heavy quark fragmentation to multiple charged
hadrons, and finally the heavy flavor dead cone and the current status of theoretical

descriptions for hadronization in heavy flavor jets are discussed.

1.3.1 Fragmentation to Beauty Hadrons

The ability to experimentally identify heavy flavor hadrons, and the unique kine-
matic features allowed by the clean environment of ete™ collisions allowed for the
inclusive B-hadron fragmentation function to be experimentally measured at the
Large Electron-Positron (LEP) collider and the Stanford Linear Accelerator (SLAC)
[3,38—10]. With no parton distribution functions in the initial state, and in the case
where the electron and positron beam energies are equal, the beam energy is a good
approximation to the energy of the b-quark produced in an e*e~ — bb event. There-
fore, the fraction of the initial b-quark energy carried by the final-state B-hadron,
denoted x%°* by the LEP experiments, is simply determined by the energy of the

B-hadron divided by the beam energy, according to the following equation [3]:

10
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The inclusive B-hadron fragmentation function measured in e*e™ collisions is

(1.7)

shown in Figure 1.3. The distributions measured at the separate experiments are all
consistent with each other, and show a strong peak at a z value of approximately
0.84, indicating that the B-hadron produced during the high-energy hadronization
process carries most of the momentum of the initial fragmenting b-quark. Global fits
have been performed to the LEP and SLAC data to extract the b-hadron FF [1,11].
Figure 1.4 shows the b-hadron FF extracted from a recent global fit on the left and
the theoretical comparison to the data using the extracted FF on the right [1].
Measurements of B-hadron fragmentation functions in jets in pp collisions present
a greater challenge than those in ete™ collisions due to the more complex initial
state. However, they provide an important opportunity to test the universality of
fragmentation functions. The ATLAS experiment at CERN recently measured the

fragmentation function in jets for a b-quark fragmenting into a B*/~ meson [5] by

11
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Figure 1.4: The extracted b-hadron FF from fits to eTe™ data (left) and the theoretical
comparison to the data using the extracted FF (right) [4]

fully reconstructing B*/~ — J/v K*/~ decays within jets [5]. The momentum of the
fully reconstructed B1/~ mesons was used to calculate the longitudinal momentum
fraction z and transverse momentum relative to the jet axis, pi<, as defined by the

equations below:

_ DB ‘Pfet (1 8)
|pjet]?
— % —;

|Pjet]

The observable z is used to measure the collinear B/~ fragmentation function,
which is shown in the left plot of Figure 1.5. The collinear fragmentation function
shows that the B/~ carries most of the jet momentum, consistent with the measure-
ments of inclusive B-hadron production in e*e™ collisions shown in Figure 1.3. To
probe the scale dependence of the fragmentation function, the measurement was re-
peated in two additional bins of jet pr. The peak position at a z of approximately 0.8
remained constant across all three jet py bins probed, but was observed to broaden to
lower z values with increasing jet pr, which was attributed to the increase of g — bb

rel

splittings [5]. The right plot in Figure 1.5 shows the ph¢ distribution for B/~ mesons
rel

in jets. While measurements at lower pi¥ values are needed in order to extract the

TMD B*/~ fragmentation function, the ATLAS measurement shown in Figure 1.5

12
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Figure 1.5: The longitudinal momentum fraction z (left) and transverse momentum
relative to the jet axis pi (right) for fully reconstructed B*/~ hadrons in jets. The
data are compared to a variety of different MC generators and hadronization models

]

lays the groundwork for future multi-dimensional studies of single beauty hadron
fragmentation in jets. The ATLAS and CMS experiments have also studied inclusive
B hadronization in jets by tagging b-jets from ¢t decays [12,43]. Instead of fully
reconstructing B hadrons in the jets, ATLAS used secondary vertices in the jets as
proxies for the B-hadrons, while CMS used charm hadrons decayed from B-hadrons.
ATLAS measured the z distribution and the fraction of the jet py carried by the

SV in track-based jets, p;}}fg / chlfjget, while CMS measured the fraction of the charged

chg [

particle jet pr carried by the reconstructed charm hadron, pr./ > py . All

)

distributions were strongly peaked towards high fractional values, consistent with the

collinear B-hadron fragmentation functions described above.

1.3.2 Fragmentation to Charm Hadrons

More experimental measurements of fragmentation functions exist for charm hadrons

than for beauty hadrons, primarily because charm is more abundantly produced than
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Figure 1.6: The scaled energy distribution of D**/~ mesons in e*e~ collisions, com-
pared to a fit of the three fragmentation contributions [6].

beauty and its simpler decays facilitate the reconstruction of charm hadrons in jets.
Early measurements of charm FFs were performed in ete™ collisions at LEP and
DESY and in jets in pp collisions at CERN and the Tevatron [0, 7, 11-16]. The pro-
duction of D**/~ mesons was extensively studied in these early measurements as
full reconstruction in the decay channel D**/~ — DOr*/~ provided a good signal
to background ratio, and the reconstruction of an excited D-meson state provided a
more accurate measurement of the energy of the charm hadron produced directly after
hadronization [11]. As with the B-hadron FF measurements, the FF was measured in
ete™ collisions as a function of the scaled energy of the D**/~ meson relative to the
beam energy. Figure 1.6 shows the D**/~ FF measured by the ALEPH experiment
at LEP, compared to the results of a template fit to determine the regions of the FF
originating from ete~ — bb events, ete~ — ¢¢ events, and from gluon splitting to
heavy quark pairs [0]. The bb template was compared to the Xp distribution from

B-tagged events in data and found to describe the shape well, therefore strengthening
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the conclusion that the tail of the measured distribution in Figure 1.6 at high values
of the scaled energy Xpg is primarily from the hadronization of promptly produced
charm quarks [0]. The shape of the D**/~ fragmentation function was found to dif-
fer between ete™ and pp collisions, as can be seen from comparing the pp result in
Figure 1.7 and the eTe™ result in the rightmost figure in Figure 1.8. The difference
was attributed to the different processes dominating charm production between the
collision systems [7]. In ete™ collisions, charm quarks are predominantly produced
directly from the hard scattering, while in pp collisions the dominant charm produc-
tion mechanism is from gluon splitting to ¢¢ or bb pairs [16]. Charm produced from
gluon splitting was observed to have a softer fragmentation spectrum, with the peak
of the fragmentation function shifted to a z value of approximately 0.1 [7].
Fragmentation functions of additional charm mesons were measured in ete™ col-
lisions at DESY at a lower center of mass energy, 10.6 GeV, and were later repeated
with higher statistics using data collected by the CLEO experiment at the Cornell
Electron-positron Storage Ring (CESR) [%,45]. Figure 1.8 shows the fragmentation
functions measured by CLEO for promptly produced D°, D/~ and D**/~ mesons

as a function of the scaled momentum fraction x, = pp/\/EZ,,, —m% [3]. The
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Figure 1.8: D° (left), D*/~ (middle), and D**/~ (right) fragmentation functions
measured in eTe” collisions [3].

charm FFs peak around an z, of 0.6, indicating a hard fragmentation, but not as
hard as the fragmentation observed for B hadrons which predominantly occurs at

higher fractional momentum values.
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Figure 1.9: The longitudinal momentum fraction z of DY mesons in track-based
jets with a transverse momentum between 5 and 15 GeV (left) and 15 and 30 GeV

(right) [9]

Several charm FFs have also been measured in jets in pp collisions. The collinear
D*t/= FF was measured in jets by the ATLAS experiment and found to display a
soft fragmentation spectrum consistent with the D**/~ mesons primarily originating

from gluon splittings [17]. The D**/~-in-jet data was recently included in global fits
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to extract D**/~ FFs [458]. The collinear D° and A, FFs were measured in jets by
the ALICE experiment, with the latter being the first known heavy flavor baryon FF
measurement [0, 19]. Figure 1.9 shows the D FF measured in track-based jets by
ALICE in two different jet py bins. In the lower jet pr bin, spanning 5 to 15 GeV,
the D° exhibits a harder fragmentation, while in the higher jet pr bin from 15 to
30 GeV the fragmentation spectrum peaks around a z of 0.65, closer to what was
previously measured in ee” decays. Heavy quarkonium fragmentation has also been
studied in jets. The fraction of the jet pr carried by J/v mesons, pr(J/v¢)/pr(jet),
was measured and found to be well-described for J /v mesons decayed from B hadrons
but poorly described for prompt J/¢s [50].

CMS {s=5.02Tev, IL dt=27.4pb",  anti-k, jet (R=0.4), P > 120 Gev, n,l<16

30| T T T T ] T T T T ]
Inclusive jets
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Figure 1.10: Charged particle yields Y (Ar) as a function of the distance from the jet
axis Ar and the track pr, for inclusive jets (left) and b-jets (right) [10].

1.3.3 Fragmentation to Charged Hadrons

In addition to measuring single-hadron fragmentation functions, measuring distri-
butions of the additional particles produced in the hadronization process is important
to understand the mechanisms underlying hadronization. Few studies of heavy fla-
vor fragmentation to charged hadrons exist, but those that have been performed
revealed differences in the charged hadron multiplicity and distribution between light
and heavy quark hadronization [10,51]. A measurement of the average charged par-

ticle multiplicity in ete~ — bb events compared to light-quark events, ete™ — ¢,
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Figure 1.11: Measurements of the jet shape p(Ar) for (from left) inclusive jets, b-jets,
and the ratio in b-jets to inclusive jets [10], and a diagram illustrating the dr annular
ring probed in the jet shape measurement [I1].

determined that more charged particles are produced in bb events [10]. The charged
particle multiplicity measurement was consistent with perturbative QCD predictions
and inconsistent with predictions that assumed the charged particle multiplicity was
independent of the quark mass [10].

The multiplicity of charged particles from heavy quark hadronization has also
been studied in b-jets in pp collisions. The CMS experiment measured the b-jet
charged particle multiplicity and jet shape, an observable that describes the energy
distribution of particles within jets, and compared the measurements to those in
inclusive jets, which are primarily gluon-jet dominated at midrapidity at the LHC [10].
Figure 1.10 shows the measured yields of charged hadrons in inclusive jets and b-jets
as a function of distance from the jet axis Ar and charged hadron pr. The b-jets were
observed to have a higher charged hadron multiplicity than inclusive jets, with most
of the additional charged hadrons being produced close to the jet axis and with low
pr [10]. Figure 1.11 shows the measured jet shape results for inclusive jets and b-jets,

with the jet shape observable defined by the following equation:

trk
1 Zjets ZparticleE(Ara,ATb) Pr

or Zjets Ztrk pgrk

Equation 1.10 describes how the jet energy is distributed in an annular ring with

p(Ar) = (1.10)
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outer radius Ar, and inner radius Ar, and width 6r = Ar, — Ar,. Comparisons of
the jet shapes for inclusive jets and b-jets revealed that b-jets have a broader energy
distribution, with more of the jet energy distributed at larger distances from the jet

axis [10].

1.3.4 Dead Cone Effect

Observables related to the radial distributions of hadrons in heavy flavor jets are
thought to be sensitive to the heavy flavor dead cone effect. The “dead cone” angle
is so named because it describes a conical region in which a particle does not emit
any radiation. The dead cone effect is a fundamental prediction of gauge theories
that states that a charged particle does not emit radiation at angles smaller than
that defined by its mass divided by its energy [12,52,53]. Since the QCD dead cone
is proportional to the mass of the radiating quark, it is predicted to be significantly
larger for heavy quarks than for light quarks [52,53].

The beauty and charm dead cones were indirectly detected at LEP via the ob-
servation that fewer particles were produced at small angles relative to the jet axis
in heavy flavor jets compared to inclusive jets [51]. By ordering the particles in the
jet based on their angular separation, the history of partonic splittings in the jet
can be approximately reconstructed. This technique, known as iterative declustering,
enabled the first direct detection of the dead cone angle in charm jets by the ALICE
collaboration, the results of which are shown in Figure 1.12 [12]. The observable
R(0) is defined as the ratio of the number of splittings observed in charm jets to the
number of splittings in inclusive jets [12]. As seen in Figure 1.12, the number of split-
tings observed in charm jets is suppressed relative to inclusive jets below a certain
angle #. The red shaded regions in Figure 1.12 indicate where the charm dead cone
is predicted to exist, and the suppression seen in data is clearly observed to coincide

with this predicted dead cone region [12].
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Figure 1.12: Experimental observation of the QCD dead cone in charm jets, observed
as a suppression in the ratio R(f) of the number of splittings in charm jets to the
number in inclusive jets [12].

1.3.5 Theoretical Description

Heavy flavor jet production in pp collisions has been studied theoretically, and
generally good agreement with data has been achieved [13,55]. Figure 1.13 shows
an example of theoretical calculations for the inclusive b-jet cross section compared
to experimental measurements by the CMS experiment [13]. When describing the
production of a jet without describing the production of specific hadrons within the
jet, the FJF in the factorization theorem in Equation 1.2 is replaced by a function
known as a jet function, which can be calculated in perturbative QCD [13]. In order
to compare to experimental data, it is necessary to take into account contributions not
only from a heavy quark fragmenting into a heavy-flavor jet, but also contributions
from light-quark and gluon fragmentation into heavy flavor jets as well [13,56]. The
combination of all three contributions is described as the fragmentation function to
a b-jet, denoted FFbJ in Figure 1.13 and Reference [13].

Less work has been done to theoretically describe the production of hadrons within
heavy flavor jets and provide comparisons to measurements in data described in the

previous sections. However, several aspects of the theoretical framework needed for
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Figure 1.13: Theory predictions for the inclusive b-jet cross section compared to CMS
data [13].

such comparisons have been studied. One feature of perturbative QCD calculations
with heavy quarks is that due to the large heavy quark mass relative to the nonpertur-
bative QCD scale, the heavy quark FFs can be computed perturbatively [50]. Since
the FJFs depend on the collinear FFs as shown in Equation 1.3, the heavy quark
FJFs can be computed perturbatively as well. This is in contrast to the light-parton
FJFs which depend on FFs that cannot be calculated perturbatively and must be
extracted from fits to data. FJF's initiated by a heavy quark have been calculated
perturbatively up to order O(ag), while those initiated by light quarks and gluons
have been calculated to order O(a%) [56]. The calculation of the heavy quark FJFs
should enable future theoretical comparisons for the measurements of charged hadron

distributions in heavy flavor jets presented in this thesis.
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1.4 Aims and Outline of this Thesis

This thesis aims to expand on the previously discussed studies of heavy flavor
hadronization in jets by measuring charged hadron distributions sensitive to the heavy
flavor fragmentation functions in beauty and charm jets. This thesis specifically de-
scribes the measurement of the longitudinal momentum fraction z, transverse mo-
mentum relative to the jet axis jr, and radial distance from the jet axis r of charged
hadrons in beauty and charm jets. These measurements are complementary to the
measurements of single-hadron heavy flavor fragmentation functions discussed previ-
ously, as they probe the additional particles produced from the hadronization of a
single heavy quark. The outline for this thesis is as follows: Chapter 2 describes the
experimental setup used to collect the data analyzed for this measurement, Chapter 3
describes the measurement tools used for the analysis, Chapter 4 discusses the steps
of the data analysis in detail, and the measured results are presented in Chapter 5.
Chapter 6 presents studies performed for a proposed detector at a future Electron-Ion
Collider that are relevant for future measurements of heavy flavor hadronization, and
finally Chapter 7 provides a summary of the thesis and highlights some prospects for

future measurements.
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CHAPTER II

Experimental Setup

The experimental setup used for this thesis measurement is described in this chap-
ter. The Large Hadron Collider accelerator facility is introduced, followed by a de-
tailed introduction to the Large Hadron Collider beauty (LHCb) experiment detector.
The components of the LHCb detector relevant for the analysis presented in this the-
sis are discussed, including the vertex detector, tracking system, calorimeter system,

muon system, and the trigger system.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a hadron-hadron collider located at the Euro-
pean Centre for Nuclear Research (CERN) in Geneva, Switzerland. The LHC consists
of two rings that accelerate beams of protons or lead ions in opposite directions and
collide them at four interaction points along the ring. With a ring circumference of
26.7 km, and maximum collision center of mass energy +/s of 13 TeV, the LHC is the
largest and highest energy particle collider in the world.

Each interaction point on the LHC ring is home to one of four large particle physics
experiments - ATLAS, CMS, ALICE, and LHCb. ATLAS and CMS are general
purpose detectors with a physics program strongly focused on searching for physics

beyond the Standard Model. ALICE is dedicated primarily to studying heavy-ion
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Figure 2.1: The CERN Accelerator Complex [14]

physics with the goal of understanding the formation and properties of the Quark-
Gluon Plasma formed in heavy-ion collisions. LHCDb is dedicated to studying the
production and decay of particles containing heavy (beauty or charm) quarks and
searching for new origins of CP violation. For the first data-taking run of the LHC,
Run 1, the LHC delivered proton-proton collisions to the experiments at a center of
mass energy of 7 TeV during 2010-2011, and 8 TeV during 2012. For the second
data-taking run, Run 2, the center of mass energy was increased to 13 TeV for the
entire run period, from 2015 to 2018. In between the run periods, the LHC enters
Long Shutdown periods to allow for maintenance and upgrades of the accelerator and

experiments.
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2.1.1 The LHC Accelerator Complex

Several stages of beam acceleration are required to obtain the 6.5 TeV beams that
produce a collision center of mass energy of 13 TeV. Therefore in addition to the LHC
ring, CERN hosts several other facilities. These facilities are also used to produce
high-energy particle beams for many other nuclear and particle physics experiments
based at CERN. A diagram of the CERN accelerator complex and the numerous
experiments it hosts is shown in Figure 2.1. The components of the accelerator
complex necessary for accelerating beams to LHC energies are the linear accelerators
(LINAC), the proton synchrotron booster (BOOSTER), the proton synchrotron (PS)
and the super proton synchrotron (SPS) [57]. For Run 1 and Run 2, protons were
first accelerated in CERN’s LINAC2, which has since been replaced with LINAC4
for Run 3. Hydrogen atoms from a bottle of hydrogen gas were passed through an
electric field to remove their electrons, leaving the protons to enter LINAC2 which
accelerated them to 50 MeV. The resulting proton beam was then directed to the
proton sychrotron booster, which accelerated the protons to 1.4 GeV before injecting
them into the PS. The PS further accelerated the protons to 25 GeV, and then injected
them into the SPS, which accelerated them to 450 GeV before finally injecting them
into the LHC ring [57].

2.2 The Large Hadron Collider beauty (LHCb) Experiment

The Large Hadron Collider beauty (LHCb) experiment is specifically designed to
study the production and decay of beauty and charm hadrons. The unique focus
on studying heavy flavor hadrons is reflected in key features of the LHCb detector,
shown in Figure 2.2. Unlike the other LHC experiments, which predominantly cover
the midrapidity region, the LHCD detector is a single arm spectrometer spanning the

forward pseudorapidity region of 2 < n < 5. The forward acceptance and detector
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Figure 2.2: A side view of the LHCb detector, with the subdetector components
labeled. RICH1 and RICH2 are the Ring-Imaging Cherenkov Detectors, T'T is the
Tracker Turicensis, T1-T3 are the Tracking Stations 1-3, SPD/PS is the Scintillating
Pad Detector and Pre-Shower Detector, ECAL is the Electromagnetic Calorimeter,
HCAL is the Hadronic Calorimeter, and M1-M5 are the Muon Stations 1-5 [17]

geometry of LHCb was chosen to maximize the number of b and b quarks produced
within the detector volume. As shown in Figure 2.3, more b and b quarks are produced
within the LHCb acceptance than in the acceptance of midrapidity general purpose
detectors. At LHC energies, the boosted b and b quarks are often produced in the
same forward or backward cone, which motivates the conical-like design of LHCb
shown in Figure 2.2 [17].

Features of heavy flavor hadron decays influenced key aspects of the LHCb de-
tector specifications. Heavy flavor hadrons typically decay after traveling several
hundreds of microns in the lab frame. B*/~ and D*/~ mesons, for example, have
decay lengths c7 in the lab frame of approximately 461 pum and 312 um, respec-

tively [1]. These characteristic secondary decay vertices can be reconstructed with
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precise charged particle tracking capabilities. LHCb’s tracking system features a
dedicated detector, the Vertex Locator, around the LHC beam interaction region
dedicated to detecting charged particle tracks from secondary vertices of heavy flavor
hadron decays. Due to their larger mass relative to light-flavored hadrons, heavy
flavor hadron decays also typically produce a larger number of decay products than
light hadron decays. The higher multiplicity of heavy flavor hadron decays often re-
sults in the need to combine four or more particles to reconstruct a mass peak. This
fact, coupled with the large number of particles produced in a pp collision, represents
a combinatoric challenge that, if not resolved, can easily overwhelm the signal peak.
In order to reduce the combinatorial background and cleanly reconstruct the mass
spectra of heavy flavor hadrons, LHCDb features excellent particle identification capa-
bilities to differentiate between pions, kaons, protons, muons, and electrons. LHCb’s
two Ring-Imaging Cherenkov (RICH) detectors provide charged hadron identification
for hadrons with momenta between 2 and 100 GeV/c. In the following sections, key
subdetectors of the LHCb detector will be discussed, with a focus on those espe-
cially relevant for measuring heavy flavor jets: the VELO, the tracking system, the

calorimeter system, and the muon system.

2.2.1 The Vertex Locator (VELO)

The Vertex Locator (VELO) is a silicon microstrip detector surrounding the LHCb
interaction region, where the two proton beams from the LHC collide to produce an
event which can then be detected by LHCb. A diagram of the VELO is shown in
Figure 2.4. The purpose of the VELO is to detect charged particle tracks produced
from the secondary vertices of heavy flavor hadron decays. VELO tracks are critical
for reconstructing secondary vertices, which when present in a jet are used to identify
the jet as originating from a heavy flavor quark. The VELO consists of 42 circular

silicon modules which measure the r and ¢ coordinates of tracks produced near the
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Figure 2.3: The pseudorapidity of b (1) and b (12) quarks produced in the MC
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yellow region highlights the (71, 7,) range accessible with a general purpose detector
(GPD), while the red region highlights the range accessible to LHCb. [10]

interaction region. Omne side of each module has sensors segmented to measure ¢
(shown as blue sensors in Figure 2.4), and the other side of the module has sensors
segmented for measuring r (shown as red sensors in Figure 2.4). The hit resolution
of the VELO sensors varies as a function of the strip pitch and the projected track
angle, and was measured to range from 5 - 25 pm [15]. The geometry of the VELO
was designed so that a track within the LHCb acceptance must cross at least three
VELO modules [17]. Due to its proximity to the beam, the VELO is divided into
two halves that can be retracted during the injection of the LHC beams to avoid

damaging the sensors [17].

2.2.2 The Turicensis Tracker (TT), Inner (IT) and Outer Tracker (OT)

and Dipole Magnet

The Turicensis Tracker (TT), Inner Tracker (IT), Outer Tracker (OT) and dipole

magnet comprise the rest of LHCb’s tracking system after the VELO. The main
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Figure 2.4: A diagram of the VELO detector, showing the 42 VELO modules located
at various points along the beam axis. The proximity of the VELO modules to the
interaction region (light blue) is also shown. [17]

purpose of the tracking system after the VELO is to provide a measurement of the
momentum of charged particles produced in the event. The dipole magnet provides
a magnetic field with a field strength of 4 Tm that bends the charged particle tracks,
and the TT, IT and OT provide measurements of the particle’s position before and
after it traverses the magnetic field. By reconstructing the trajectory of a charged
particle using the hits in the tracking detectors, the momentum of the particle can
be determined. The TT is a planar silicon microstrip detector with a strip pitch of
183 pum located before the dipole magnet [17]. The IT and OT detectors form three
tracking stations (T1-T3 in Figure 2.2) located after the dipole magnet. The IT is a
silicon microstrip detector with a strip pitch of 198 pum surrounding the beam pipe,

while the OT is a drift-tube gas detector around the IT. Figure 2.5 shows the TT,
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168.8 cm

IT, and OT detectors [17]. The OT consists of 200 straw tube modules, with each
module containing two layers of drift tubes with a gas mixture of 70% argon, 28.5%
COq, and 1.5% O [17]. The hit resolution in the T'T and IT is approximately 50 pm,
while in the OT it increases to approximately 200 pm [17].

All of the tracking detectors - the TT, IT, and OT - consist of four detection
layers. The first and last layers of the TT and IT have vertically oriented silicon
strips, while the second and third layers have strips rotated by a stereo angle of -5
degrees and +5 degrees, respectively, forming an z-u-v-z geometry. The OT has four

layers of drift tubes arranged in the same x-u-v-x geometry [17].

2.2.3 Calorimeter System

LHCDb’s calorimeter system consists of preshower (PS) and scintillating-pad (SPD)
detectors, an electromagnetic calorimeter (ECAL), and a hadronic calorimeter (HCAL).
The purpose of the calorimeter system is to provide a measurement of the energy and
position of charged and neutral particles, as well as to discriminate between pho-

tons, electrons, and hadrons. The ECAL and HCAL measure the energy deposits of
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charged and neutral particles by detecting the “showers” of particles produced when
a particle interacts with the calorimeter material. The PS and SPD detectors assist
with differentiating between the energy deposits of electrons, charged pions, and neu-
tral particles in the ECAL. Both the PS and SPD consist of nearly-identical planes of
scintillating pads with a 15 mm layer of lead absorber between them [17]. The SPD
helps to discriminate between energy deposits of m’s and electrons in the ECAL, as
electrons will produce scintillation light within the SPD while photons from 7° decays
will not. The PS detector, located directly in front of the ECAL, helps to discriminate
between energy deposits of charged pions and electrons in the ECAL by providing
additional longitudinal segmentation for measuring the charged particle showers.
The ECAL is a shashlik-type calorimeter, consisting of discrete cells each made of
alternating layers of scintillating tiles as an active material and lead as an absorber
material. The scintillation light generated by particles interacting with the active ma-
terial is collected via wavelength-shifting fibers and read out using photo-multiplier
tubes [17]. The particle hit density falls off sharply as a function of lateral distance
from the beam pipe, and varies by two orders of magnitude over the surface of the
ECAL [17]. Therefore, the lateral segmentation of the ECAL is such that the finest
lateral resolution is near the beam pipe and the coarsest lateral resolution is farther
away from the beam pipe. The inner cells of the calorimeter are 40.4 square mm in
size, the cells in the middle section are 60.6 square mm in size, and the cells in the
outer section are 121.2 square mm in size, as shown in Figure 2.6. The total thickness
of the ECAL, which characterizes the resolution on the longitudinal size of the electro-
magnetic shower, is 25 radiation lengths (Xg). The Moliere radius of the ECAL, which
characterizes the resolution on the transverse size of the electromagnetic shower, is
3.5 cm. The energy resolution of the ECAL is given by o(E)/E = 10%/vVE & 1%,
with the first term describing the stochastic energy resolution and the second term

describing the constant energy resolution.
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Figure 2.6: A diagram of the lateral segmentation of the SPD, PS, and ECAL (left)
and HCAL (right). A quarter of the detector face is shown for each.

The HCAL is also a sampling calorimeter, consisting of alternating layers of scin-
tillating tiles as an active material and iron as an absorber material. Unlike the
ECAL, in which the scintillating tiles are perpendicular to the beam axis, the scin-
tillating tiles in the HCAL cells are oriented parallel to the beam axis. As with the
ECAL, scintillation light in the HCAL is collected via wavelength-shifting fibers and
read out with photo-multiplier tubes [17]. The HCAL also has a varying lateral cell
segmentation, but with larger cell sizes than those of the ECAL due to the larger di-
mensions of hadronic showers compared to electromagnetic showers. The inner cells
of the HCAL are 131.3 square mm in size, while the outer cells are 262.6 square mm
in size, as shown in Figure 2.6. The total thickness of the HCAL is limited by space
constraints and corresponds to 5.6 nuclear interaction lengths (A;) [17]. The energy

resolution of the HCAL is given by o(E)/E = (69 +5%)/vVE @ (9 +2)% [17].

2.2.4 The Muon System

Alternating iron absorbers and five stations of multiwire proportional chambers
(MWPCs), as well as gas electron multiplier (GEM) detectors in the regions of highest
particle density, comprise LHCb’s muon system [17]. The purpose of the muon system
is to identify muons and measure their pr for use in the Level 0 trigger. A diagram

of the muon system is shown in Figure 2.7. The first muon station, M1, is located
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Figure 2.7: A side view of the LHCb Muon System. M1-M5 are the five muon stations
composed of MWPCs and GEMs. The four muon filters are iron absorbers. [17]

before the ECAL and HCAL in order to improve the measurement of the muon
pr [17]. The remaining muon stations, M2-M5, are located after the calorimeters
and are separated by iron absorbers. All stations are composed solely of MWPCs
except for M1, which also has triple-GEM detectors in the inner region close to the
beam pipe due to the high particle density before the calorimeters [17]. Stations M1-
M3 have a higher spatial resolution than stations M4-M5 and are used to measure
the muon pr for the Level 0 trigger. Stations M4-Mb are primarily used to identify
penetrating muons. In order to pass through all five muon stations, a muon must

have a minimum momentum of 6 GeV /c [17].

2.2.5 The Trigger System

LHCb’s trigger system serves a very important role in rapidly identifying events
of interest during data-taking and saving them for offline analysis. It consists of three
different levels, or stages: Level 0 (LO), the High Level Trigger 1 (HLT1) and the

High Level Trigger 2 (HLT2) [17]. The complexity of the decisions made increases
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with each level of the trigger. The LO trigger coarsely identifies events of interest, the
HLT1 trigger adds additional selections to increase the likelihood of events of interest
being saved for offline analysis, and the HLT2 trigger selects events with specific
topologies, reconstructed decay chains, or even jets (see Section 3.1 for more details
about jet reconstruction in the trigger). The LO trigger is a hardware trigger, using
information from the calorimeter and muon systems to identify high-energy deposits
in the calorimeters or high-energy muons. The LO trigger reduces the 40 MHz pp
collision rate delivered by the LHC to 1 MHz, the frequency at which all detector
subsystems of the LHCb detector can be read out [15,17]. The HLT1 and HLT2
triggers then use information from the LHCb detector subsystems to quickly make
selections or reconstruct physics objects of interest. The HLT1 and HLT2 triggers
are both software triggers, which enables the more sophisticated decision-making

capabilities needed in these triggers.
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CHAPTER III

Measurement Tools

Several tools used for the measurement described in this thesis are introduced in
this chapter. The jet reconstruction algorithm used at LHCb is described, followed by
a detailed discussion of how heavy flavor jet tagging is performed at LHCb. Finally,
a brief overview of the theory behind the Bayesian unfolding technique to remove

detector smearing effects from measured distributions is provided.

3.1 Jet Reconstruction at LHCDb

In order to reconstruct jets, a selection of input particles for the jet finding al-
gorithm must be identified, and a type of jet finding algorithm specified. At LHCb,
a particle flow algorithm is used to select both charged and neutral particle inputs
for jet finding, and jets are reconstructed using the anti-kr algorithm [58]. In Run 2,
the jet reconstruction algorithm was modified so that the algorithm used during real-
time (“online”) data processing in the High Level Trigger (HLT) was identical to the
jet reconstruction algorithm used during offline data processing. Jets reconstructed
in the HLT are called HltJets, and HltJets corrected for jet energy corrections and
quality cuts offline are called Standard HltJets, abbreviated StdHItJets. The next
sections detail the steps involved with reconstructing StdHltJets and describe the

HLT particle flow algorithm, jet building algorithm, and offline quality cuts.
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3.1.1 The High Level Trigger Particle Flow Algorithm

The particle flow algorithm uses information from the LHCb detector subsystems,
in particular the tracks and calorimeter clusters, to reconstruct charged and neutral
particles for input to the jet reconstruction. Extrapolated tracks that overlap with the
location of a calorimeter cluster are “matched” to the cluster and used to reconstruct
a charged particle. Clusters with no associated tracks are used to reconstruct neutral
particles. The track-cluster matching procedure ensures that a single particle is not
double counted in the input to the jet reconstruction. Tracks and clusters that pass
loose cuts for specific particles are used to construct particle candidates. Photon
candidates are identified using information about energy deposits in the preshower
detector and single ECAL clusters that are not matched to any tracks. Pairs of well-
separated photons with an invariant mass within 30 MeV of the 7° mass are identified
as resolved 7¥ candidates. Pairs of charged pions with an invariant mass near the K?
mass are identified as KV candidates in the K0 — 777~ decay channel, while pairs
of a charged pion and a proton near the A mass are identified as A candidates in the

AY — pr~ decay channel. The photon, 7y, K?, and A candidates, along with the

s

unidentified charged and neutral particle candidates from the track-cluster matching

procedure, are passed as inputs to the jet building algorithm.

3.1.2 The High Level Trigger Jet Building Algorithm

Jets at LHCb are built using the anti-kt jet finding algorithm [58], which groups

particles together based on their transverse momentum py and the distance in n — ¢

space between them, A;; = \/(yz — ;)% + (¢; — ¢;). For each input particle 4, the

following distance measures are calculated [55]:




In Equations 3.1 and 3.2, d;; is the distance measure between two particles ¢ and
j and d;p is the distance measure between particle ¢ and the beam. R is the radius of
the conical jet. If d;; is smaller than d;z, then the momenta of particles ¢ and j are
added to form a combined “particle.” If d;p is smaller than d;; the particle is called
a jet and is removed from the inputs to the jet building algorithm. The distance
measures are recalculated with the combined particles and the process repeated until

there are no input particles remaining. At LHCD, jets are reconstructed using a radius

of R =0.5.

3.2 Heavy Flavor Jet Tagging at LHCb

LHCb’s algorithm for tagging heavy flavor jets consists of two components: the
first is a Secondary Vertex (SV) Tagger algorithm that reconstructs a secondary vertex
consistent with originating from a heavy flavor hadron decay in the jet, and the second
is two Boosted Decision Trees that provide optional further jet flavor separation. The

next sections will describe each of these components in further detail.

3.2.1 The Secondary Vertex (SV) Tagger Algorithm

The Secondary Vertex (SV) Tagger algorithm begins by selecting tracks in the
event that are displaced from the primary vertex. Displaced tracks are selected with
a large x%p value, which is the difference in x? from reconstructing the primary
vertex with and without the track. The displaced tracks are not required to be in
a jet, but must have a momentum p of at least 5 GeV and a transverse momentum
pr of at least 0.5 GeV. No hadron identification is used to identify the tracks, and
all tracks are assigned the pion mass [138]. The displaced tracks passing the x?p, p,

and pr requirements are used as inputs to the second stage of the algorithm. In the

37



second stage, all possible combinations of two-body secondary vertices are constructed
from the selected displaced tracks. The mass of each two-body secondary vertex is
required to be within 0.4 - 5.2794 GeV. The lower mass limit of 0.4 GeV removes
most secondary vertices due to strange hadron decays, while the upper mass limit
restricts the two-body secondary vertex mass to be consistent with originating from
a beauty or charm hadron decay [18]. The distance of closest approach between the
tracks in the two-body SV is required to be less than 0.2 mm. In the third and final
stage of the algorithm, two-body SVs that share tracks are merged into N-body SVs.
Additional cuts are applied to the N-body SVs to reject SVs from strange hadron
decays and to enhance the beauty and charm tagging performance. The N-body SV
z position must be less than 200 mm, and the minimum radial flight distance of the
two-body SVs used to construct the N-body SV must be less than 15 mm. Both
position requirements restrict the N-body SV to be within a region consistent with
that of beauty and charm hadron decays [18]. To suppress strange hadron decays,
cuts are placed on two additional variables: the SV corrected mass, M., and a proxy
for the hadron lifetime, 7. The SV corrected mass is the minimum mass a long-lived
hadron can have that is consistent with the flight direction of the SV, and is defined

by the following equation [18]:

M., =/ M? + p?sin6? + psin 6 (3.3)

In Equation 3.3, M is the invariant mass of the N-body SV, p is the momentum of the
N-body SV, and @ is the angle between the SV momentum and its flight direction. The
corrected mass accounts for the fact that the heavy flavor decay vertex is often only
partially reconstructed by the SV-tagger algorithm. The corrected mass is required
to be greater than 0.6 GeV to suppress contributions from strange hadron decays [18].

The flight distance of the SV divided by its momentum is taken as a proxy for the

38



BDT(blc)
BDT(blc)

o
3]

wwowwwwwwww

o5 { s e

o
Gl T

| LHCb simulation I LHCb simulation | LHCb simulation ]
| L I | P Y R B

%5 "0 o5 1 o5 o 05 1 L7705 o 05 1
BDT (bcjudsg) BDT (bcjudsg) BDT(bcjudsg)

Figure 3.1: Two-dimensional BDT distributions for simulated beauty, charm and
light parton jets [1¥]

hadron lifetime 7 and required to be less than 1.5 mm/GeV. N-body SVs are required
to have pr greater than 2 GeV. If multiple N-body SVs passing the requirements are

present in a jet, the N-body SV with the highest pr is used to tag the jet.

3.2.2 Boosted Decision Trees

While the SV-tagger algorithm identifies jets containing secondary vertices con-
sistent with originating from heavy flavor decays, it does not discriminate between
beauty jets and charm jets. Therefore, for further jet flavor separation, information
about the reconstructed SV in the jet is passed to two Boosted Decision Trees (BDTs).
BDT(bc|udsg) discriminates between heavy and light flavor jets, while BDT(b|c) dis-
criminates between beauty and charm jets. The BDTs were trained on Run 1 sim-
ulation samples of beauty, charm, and light parton jets [13]. The suitability of their
use in Run 2 data is discussed in Section 3.2.3. Several characteristics of the N-body
SV reconstructed by the SV-tagger algorithm are passed as inputs to the BDTs for
jet flavor discrimination. Some of the inputs are independent of the jet properties,
including the SV mass and corrected mass, the number of tracks in the SV and their
net charge and x?p, the SV flight distance x?, and the transverse flight distance of
the two-track SV closest to the primary vertex [18]. Other inputs depend on the SV

characteristics relative to the jet, including the fraction of the jet pr carried by the
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SV, the AR between the SV flight direction and the jet axis, and the number of SV
tracks within the jet radius. Each BDT outputs a response ranging from -1 to 1. For
BDT(bc|udsg), a response closer to 1 indicates the jet has characteristics consistent
with those of heavy flavor jets, while a response closer to -1 indicates that the jet
more closely resembles a light-parton jet than a heavy flavor jet. For BDT(b|c), a
response close to 1 indicates the jet is more b-jet like, while a response closer to -1
indicates the jet is more c-jet like. Figure 3.1 shows the 2D BDT responses for beauty,
charm, and light-parton jets in simulation. Each jet flavor occupies a distinct region
of the 2D BDT response phase space, indicating that the two BDTs provide good

discrimination power between the three types of jets.

3.2.3 Performance in Data

The performance of the SV-tagging algorithm and BDTs for heavy flavor jet tag-
ging and flavor separation were studied in detail in Run 1 data [18]. Data samples of
events with fully reconstructed beauty and charm hadrons with a separation of A¢ >
2.5 between the highest-pr jet in the event were used to study the b- and c-jet tagging
performance in data. Events with a W boson produced in association with a jet were
used to study the rate at which light-parton jets were mistagged as heavy flavor jets,
as the W-tagged jets are overwhelmingly light-parton jets [18]. Figure 3.2 shows an
example of a fit to data using the 2D BDT templates for b-, ¢-, and light-parton jets
shown in Figure 3.1. The data shown in Figure 3.2 is from the sample with a fully
reconstructed charm hadron and a jet nearly back-to-back. The 2D BDT distribution
in data shows that most of the data is concentrated in the region consistent with a
charm jet response, however there is also a significant concentration in the region
consistent with the beauty jet response, which is expected given that many beauty
hadrons decay to charm hadrons. The fit to the data using the BDT templates in

Figure 3.1 describes the data well, as seen from the fit projections for each BDT re-
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Figure 3.2: The 2D BDT distribution in data for events with a fully reconstructed
charm hadron and a jet nearly back to back (top left), a 2D fit to the data using the
BDT templates (top right), and the 1D fit projections for the BDT (be|udsg) response
(bottom left) and BDT(b|c) response (bottom right) [15].

sponse. The b- and c-jets both score high on the BDT discriminating between heavy
and light jets, while the c-jets are shifted to lower scores than the b-jets on the BDT
discriminating between beauty and charm jets.

Figure 3.3 shows the measured SV-tagging efficiencies for beauty and charm jets
as a function of jet pr. The efficiencies were measured in data for jets with py > 20
GeV and 2.2 < nj < 4.2, and found to be consistent with the efficiencies in MC to
within 10%. The probability of mistagging a light-parton jet as a heavy flavor jet
was also measured in data and found to be 0.3% [18]. The SV-tagging efficiencies
generally increase as a function of jet pr. The beauty jets have a significantly higher
SV-tagging efficiency than charm jets, primarily because the higher decay multiplicity
of beauty hadrons facilitates the SV reconstruction within the jet. The SV-tagging
efficiencies measured by LHCb are consistent with those measured by other LHC

experiments [09-61].
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Figure 3.3: The SV-tagging efficiency measured in data as a function of jet pr for
beauty and charm jets [15].

The heavy flavor jet tagging performance has also been studied in Run 2 data
and found to have degraded slightly compared to that measured in Run 1 data due
to the higher track multiplicity in /s = 13 TeV collisions compared to /s = 8
TeV collisions. The b-jet tagging efficiency decreased from ~65% in Run 1 data
to 60% in Run 2 data, while the c-jet tagging efficiency decreased from ~25% to
20% [19]. However, the SV-tagging algorithm and BDT templates still describe the
Run 2 data well, as evidenced by their use in the LHCb measurement of bb and cc
differential cross sections in Run 2 data [19]. For the dijet measurement, the sum
of the BDT responses for each jet was used to perform a template fit to extract the
flavor-tagged dijet yields. The fit results projected onto the t; and ¢; axes, with
to = BDTyejuasg(jet 0) + BDTyeuasg(jet 1) and ¢ = BDTyc(jet 0) + BDTy.(jet 1),
are shown in Figure 3.4. Work is also ongoing within LHCb to improve the heavy
flavor jet tagging tools developed for Run 1 data. A recent LHCb study calibrated
the charm jet tagging efficiency in Run 2 data using exclusive charm meson decays,
which resulted in the uncertainty on the charm SV-tagging efficiency being reduced

from the value of 10% measured in Run 1 data to 6% in Run 2 data [62].
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Figure 3.4: The result of a template fit to Run 2 data to extract flavor-separated
heavy flavor dijet yields [19].

3.3 Bayesian Unfolding

Bayesian unfolding is a technique commonly used to remove the effects of detector
smearing in measured distributions. By iteratively applying Bayes’ Theorem to a
measured distribution, one can actually extract the underlying “truth” distribution
[63]. Bayes’ Theorem relates the conditional probability that an event E will occur
if a cause C; happens, P(E|C;), to the conditional probability that given an event
E, cause C; was responsible for it occurring, P(C;|E), according to the following

equation:

P(Gi|E)P(E) = P(E|C;)P(Cy) (3.4)

In Equation 3.4, P(FE) is the probability of event F occurring at all, and P(C;) is the
probability of cause C; occurring. If the possible causes of event E and their individual

probabilities are known, then P(E) can be calculated in the following way [63]:
ng
P(E) =Y P(E|C)- P(C)) (3.5)
=1

Replacing P(E) in Equation 3.4 with its definition in Equation 3.5, and generalizing to

the possibility that a single cause can produce multiple effects F;, gives the following
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definition for the conditional probability P(C;|E;) [63]:

P(E;|C)P(Ci)

P(Ci|Ej) = " P(E;|Cy) - P(CY)

(3.6)

The number of observed events attributed to cause C; is given by the number of

observed events, n(E;), multiplied by the probability of cause C; to cause the event:

ng

A(C)lovs = Y n(Ey) - P(Ci| E;) (3.7)

j=1

In Equation 3.7, ng is the total number of effects observed. The number of observed
events is related to the number of “true” events attributable to cause C; via the

efficiency for cause C; to produce the observed effects:
ﬁ(ci)‘obs =& ﬁ(Ci)‘true (38)

with the efficiency ¢; defined as the following [63]:
ng
e = P(E|C) (3.9)
j=1

The number of true events attributable to cause C; can be determined using Equations

3.6-3.9 [63]:

7(C;)|obs
> 5 P(ES|C)
B >ty n(Ey) P(E;|Cy) P(C;)
R P(E|C) Yo, P(ES|G) - P(CY)

ﬁ(cz) ‘tTue -
(3.10)

In Equation 3.10, n(E;) is the measured experimental distribution, for example a
jet pr distribution. Each jet pr bin would be one possible observed “effect” E;. The

P(C;) describe the probability for a certain true value or “cause” to exist, for example
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the probability that a jet is produced with a certain true jet pr bin. The probability
P(E;|C;) describes the probability for the true cause C; to produce a measured effect
E;. For the analogy to jet pr, this probability describes the likelihood that a jet in a
true pr bin C; is observed in bin F; at the detector level. To unfold detector smearing
effects, one needs to know how much the detector “smears” a truth-level MC distribu-
tion. By comparing truth-level information from an MC generator and detector-level
information once the truth distributions have been passed through a detailed detec-
tor simulation, one can obtain the P(E;|C;) as a 2D matrix known as a “response
matrix” [63]. With the response matrix P(E;|C;) and measured distribution £}, the
only unknown in Equation 3.10 is the truth-level distribution P(C;).

For an iterative Bayesian unfolding, one begins by choosing an initial guess for the
truth distribution P(C;) and calculating the expected number of true events n(C;) | e

according to Equation 3.10. A uniform distribution can even be used as the initial

guess [03]. The expected total number of true events, Ny, is also calculated:
ne
Ntrue = Zﬁ(oi”true (31]‘)

=1

The initial guess for the truth distribution can then be updated using the calculated

ﬁ<Ci)|true and Ntrue [ ]:
ﬁ(Ci)|true

(3.12)

Then another iteration is performed using the updated truth distribution, and the
result of the second iteration is used to calculate another updated guess for the truth
distribution. The iterations are performed until the difference between successive it-
erations is sufficiently small, indicating that the unfolding procedure is converging on
the truth distribution [63]. Too many unfolding iterations introduce statistical uncer-
tainties on the unfolded distribution, so generally the minimum number of iterations

for which the unfolding converges is used.
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CHAPTER IV

Analysis Details

The measurement presented in this thesis of charged hadron distributions in
beauty and charm jets was performed using data collected by the LHCb experiment
in 2016. In this chapter, the steps of the data analysis will be described in detail.
The criteria used to select events in data for the analysis is discussed, followed by a
description of how the hadronization observables are measured from the data events.
The calculation of the relevant jet and track efficiencies is described, and the results
of the Bayesian unfolding procedure to remove detector smearing effects from the
distributions are shown. Finally, several studies to determine systematic errors on

the measured distributions are presented.

4.1 Data Selection

This analysis of charged hadron distributions in heavy flavor jets was completed
using the full 2016 LHCb pp collision dataset collected at a center of mass energy of
Vs = 13 TeV. The dataset corresponds to an integrated luminosity of 1.6 fb™ [19].
Collision events containing heavy flavor dijet candidates were reconstructed during
data-taking in the second stage of the High Level Trigger (HLT2) and saved for further
processing offline. In the offline data processing, the jet clustering and SV-tagging

algorithms described in Sections 3.1 and 3.2.1, respectively, were re-run over the events
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selected by the HLT?2 trigger. A vertex fit was performed to identify SV-tagged dijets,
pairs of SV-tagged jets originating from the same primary vertex. Events selected
for physics analysis were required to have passed specific trigger lines in the Level
0 (LO) hardware trigger and the first stage of the High Level Trigger (HLT1) that
were consistent with being fired by a heavy-flavor dijet event. The L0 lines for this
analysis required the presence of a reconstructed high-pr muon in the event or a
hadron, photon, or electron in the event with a high transverse energy measured in
the calorimeter system [19]. The presence of a high pr muon in the event increased the
likelihood of an event containing a semileptonic beauty or charm hadron decay, while
the presence of a large energy deposit in the calorimeter increased the likelihood of an
event containing a high-pr jet. The HLT1 lines for this analysis required the presence
of at least one high-pr charged particle that was inconsistent with originating from
a primary vertex in the event, indicating the presence of a secondary decay vertex in
the event that could have been produced from a heavy-flavor hadron decay. Either jet
in the dijet could satisfy the trigger requirements, but the same jet was required to
fire both the L0 and HLT1 lines. An event was not selected if one jet fired a required
LO line, and the other jet in the dijet fired the required HLT1 line, but neither jet

individually passed both the LO and HLT'1 requirements.

4.1.1 Jet Selection

Both jets in the dijet were required to have a transverse momentum pr larger than
17 GeV and a pseudorapidity n within the range 2.5 < n < 4.0. Jets with 17 < py <
20 GeV were only used for the unfolding procedure, which is discussed in detail in
Section 4.3. The final measurement was only performed with jets with a pr > 20
GeV. While the nominal acceptance of the LHCb detector spans from 2 < n < 5, the
nominal track acceptance within LHCD falls within a slightly reduced pseudorapidity

range, from 2 < n < 4.5. The jet pseudorapidity range was chosen so that in a jet
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with a radius of 0.5 in (7, ¢) space, all of the tracks in the jet fell within the nominal
LHCb track acceptance that is known to have good track reconstruction and quality.
Additionally, the absolute difference in azimuthal angle between the two jets in the
dijet, |A@| = |@jet1 — Pjer2|, was required to be larger than 1.5 radians. The jet pr, 7,
and A¢ cuts summarize the fiducial region of this measurement. The fiducial region
is almost identical to that used in the bb- and ce-dijet cross section measurement that
LHCb published using the same 2016 dataset [19], with the only difference being the
slightly narrower jet pseudorapidity range used in the present analysis. Jet flavor
separation into samples of beauty-dominated and charm-dominated jet samples was
achieved by imposing a cut on the output of the BDT(b|c) classifier described in
Section 3.2.2. A cut of BDT(b|c) greater than 0.1 was used to select b-jets, and a cut

less than 0.1 was used to select c-jets.

4.1.2 Track-in-Jet Selection

Several cuts were applied to the tracks within the jets to select high-quality tracks
corresponding to charged hadrons. The tracks were required to have a momentum
between 4 and 1000 GeV, transverse momentum greater than 250 MeV, and a good
track fit quality, defined as a track fit x? per degree of freedom of less than 3. The
LHCb particle identification system was not used to identify individual species of
charged hadrons for this analysis, and instead the tracks were required to be identified
as charged hadrons in the HLT particle flow algorithm. Finally, the AR between each
track and the jet axis was required to be less than 0.5, to confirm that the track is

within the jet radius.

4.2 Calculating the Hadronization Observables

The hadronization observables measured in this analysis include the longitudinal

momentum fraction z, the transverse momentum jr, and the radial distance r of

48



charged hadrons in heavy flavor jets. The hadronization observables are defined

again below:

Pjet - Pchyg

z = 4.1
|pjet|2 ( )
jr = M (4.2)
|pjet|
r= AR(Chgujet) = \/(¢chg - ¢jet)2 + (nchg - njet)2 (43>

In Equations 4.1-4.3, p is the momentum vector, ¢ is the azimuthal angle and 7 is
the pseudorapidity. The subscript “jet” refers to the jet quantities and the subscript
“chg” refers to the quantities for a charged hadron in the jet. The z, jr, and r
observables were calculated using the jets and charged hadrons selected with the
criteria detailed in the previous section, and then used to compute the normalized

charged hadron distributions according to the following definition:

meas gained reco
1 dNtrack _ €jet > 1— Ctrack % dNtTack (4 4)
Nipeas . dz Ujer X NE_, giniet dz

The jr and r distributions were measured in the same way as Equation 4.4, with

z replaced by jr or r, accordingly. In Equation 4.4, dNJ%%, /dz is the raw number of

track

charged hadrons in a given z bin divided by the bin width, and N(’"beg) is the raw

—jet
number of reconstructed b-jets or c-jets in a given jet pr bin. Two corrections were
applied to the raw number of jets: €j.; is the total efficiency for reconstructing and
selecting a b- or c-jet, and Uje is a correction factor to account for bin migrations

caused by the jet pr resolution. Similarly, the raw number of charged hadrons in

injet

a bin was corrected by two efficiencies: €,,7,

is the efficiency with which tracks are
gained

irae 18 the efficiency with which tracks

correctly reconstructed within the jet, and €
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are misreconstructed inside of the jet. The efficiency-corrected and unfolded number
of charged hadrons in a given z bin is denoted by dNy¢i/dz, while Nj'e5® ., denotes
the efficiency-corrected number of beauty or charm jets in a given jet pr bin. The
following sections describe the calculation of the jet and track efficiencies in more
detail.

In addition to calcuating the distributions in Equation 4.4 with all of the tracks in
the jet that passed the selections, the distributions are also calculated without using
the tracks from the secondary vertex in the jet. The tracks from the secondary vertex
are produced from the decay of the heavy flavor hadron in the jet, and not by the
hadronization of the heavy quark itself. Therefore, the “PV-only” track distributions
directly probe the hadronization of the heavy flavor quark by only including tracks
produced directly from the heavy quark that initiated the jet. The distributions with
the SV tracks, the “PV+SV” track distributions, are of interest for improving jet
flavor tagging algorithms, as the decay products from the heavy flavor hadron decay

in the jet can provide valuable information for discriminating between beauty and

charm jets.

4.2.1 Jet Efficiency Corrections

Since the z, jr, and r distributions were measured as a function of jet pr and
normalized by the total number of jets in each jet pr bin, several jet efficiencies were
determined as a function of the jet pr in order to correct the raw number of jets.
The jet efficiencies needed for this analysis included the jet reconstruction efficiency,
the jet acceptance correction or “unfold factor”, the jet SV-tagging efficiency, the jet
BDT cut efficiency, and the efficiencies associated with the trigger selections. The
total jet efficiency €., in Equation 4.4 included all of these efficiencies except the

unfold factor and was defined in the following way:

20



reco SV tlm'g % 6BDT (45)

€jet = 6jet X 6jet X 6]et jet

Since the same trigger selections were used for this analysis as for the previous
LHCb measurement of the bb- and cé-dijet cross section in the same 2016 dataset, the
trigger efficiencies for this analysis were taken from the cross section measurement [19].
The remaining efficiencies described in this section were determined using simulated
MC events, as the number of heavy flavor jets at truth level was needed to compute
most of the efficiencies. The MC events used in this analysis were simulated /s =
13 TeV pp — b-dijet and pp — c-dijet events produced with the PYTHIA 8 event
generator [041]. For each dijet flavor, three different event samples generated with
different hard scattering scales pr were used: a 15 < pr < 20 GeV sample, a 20
< pr < 50 GeV sample, and a pr > 50 GeV sample. When used together, the MC
events were weighted according to the ratios of the partonic cross sections in the
different pr bins. The two heavy-flavor dijets were required to be produced within
the forward acceptance accessible to LHCb. Further details about the PYTHIA 8

configuration used in this analysis are listed in Appendix A.

Teco

The jet reconstruction efficiency, €76, is defined as the efficiency with which a

truth-level MC jet is reconstructed within the LHCb detector. For this analysis,

reco

€ier” was defined as the fraction of truth-level MC heavy flavor dijets that were re-

constructed at the detector-level. A truth-level dijet was considered reconstructed if

there was a reconstructed-level jet within AR < 0.5 of each truth-level jet in the dijet.

Teco

Both the truth-level dijets and their corresponding reconstructed dijets in €7/ were

required to pass the fiducial region cuts in jet pp, n and A¢ listed in Section 4.1.1.

Figure 4.1 shows €7¢; for beauty and charm jets as a function of the jet pr for both
configurations of the LHCb dipole magnet polarity. The jet reconstruction efficiency
increases as a function of the jet pr, as higher energy jets tend to have both a higher

particle multiplicity and higher energy particles, both of which facilitate jet-finding
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Figure 4.1: The jet reconstruction efficiency for b-jets (left) and c-jets (right) as a
function of jet pr for both LHCb magnet polarities.

at the detector-level.

The jet unfold factor, Uje, is an acceptance correction that accounts for bin mi-
grations between jet pr bins. The unfold factor was defined as the ratio of the number
of truth-matched reconstructed dijets that passed the analysis selection cuts and the
number of reconstructed truth dijets that passed the fiducial region cuts. The match-
ing condition between truth dijets and reconstructed dijets in both the numerator
and denominator of Uj, is necessary as the jet reconstruction efficiency was applied
as a separate correction. The value of Uj. indicates the fraction of the truth-level
jets in a given jet pr bin whose reconstructed jets were also correctly reconstructed
in the same jet pr bin. Previous LHCb analyses showed that correcting the jet pr
spectrum with the jet reconstruction efficiency and unfold factor is consistent with
a full unfolding of the jet pr spectrum to within 1% [37]. Figure 4.1 shows the jet
unfold factor for beauty and charm jets as a function of the jet pr. As with €7¢f°, Ujes
increases as a function of jet py, as the majority of bin migrations occur at low jet

pr where the jet pr spectrum is steeply falling.

The jet SV-tagging efficiency, ejse‘{ was defined as the fraction of reconstructed
SV

dijets with two SV-tagged jets. Figure 4.3 shows €/, as a function of the single

jet pr for beauty and charm jets, and as a function of the pr of each jet in b-dijets.
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Figure 4.2: The jet unfold factor for b-jets (left) and c-jets (right) as a function of jet
pr for both LHCb magnet polarities.
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Figure 4.4: The jet BDT cut efficiency as a function of the single jet pr for b-jets
(left) and c-jets (right).

The two-dimensional SV-tagging efficiency is generally uniform across the jet pr bins,
ranging from approximately 37% to 44%. When binned as a function of the single jet

pr, the SV-tagging efficiency drops slightly in the highest jet pr bin. The jet BDT

BDT

cut efficiency, €;;;" , was defined as the fraction of SV-tagged dijets with at least one

BDT
jet

jet passing the applied BDT(b|c) cut. Figure 4.4 shows e for beauty and charm
jets as a function of the jet pr. The fraction of b-jets that passed the BDT cut was
nearly uniform, which is consistent with the data sample previously being measured
to contain mostly b-jets, which score high on the BDT(b|c) classifier [19]. The fraction
of c-jets that passed the BDT cut was lower than that for b-jets, primarily because

the BDT(b|c) response for charm jets is not as localized as it is for b-jets.

4.2.2 Track Efficiency Corrections

Two track efficiencies were used to correct the raw distributions of hadrons in

the jets. The track-in-jet efficiency, 5%5}27 accounts for tracks present in a truth-
level jet that were not reconstructed within the corresponding reconstructed jet at
the detector-level. The track-in-jet efficiency was calculated as the fraction of truth-
level tracks in a given (p, ) bin that were successfully reconstructed within the

reconstructed jet at detector-level. The track-gained efficiency accounts for truth-
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Figure 4.5: The track-in-jet efficiency (left) and the track-gained efficiency (right) for
b-jets as a function of the track momentum and pseudorapidity. The z axis labels
the value of the efficiency, which includes the jet efficiencies described in the previous
section.

level tracks that were not present in the truth-level jet but were reconstructed within
the corresponding reconstructed jet. The track-gained efficiency was calculated as
the fraction of truth-level tracks in a given (p, ) bin that were misreconstructed
within the jet radius. For both track efficiencies, the truth-level tracks and their
reconstructed-level counterparts were required to pass the track selections detailed in
Section 4.1.2.

gained

injet
and 6track

track for b-jets as a function of the track momen-

Figure 4.5 shows €
tum and pseudorapidity, while Figure 4.6 shows the corresponding efficiencies for
c-jets. Since the total number of jets used to normalize the charged hadron distri-
butions was corrected with the jet efficiencies described in the previous section, the
total number of charged hadrons also needed to be corrected to take into account the
efficiency-corrected number of jets. Therefore, the denominator of both track efficien-
cies includes all truth-level dijets passing the fiducial cuts, regardless of whether or
not the jets were reconstructed at the detector level. This definition of the track effi-
ciencies accounts for all of the jet efficiencies described in the previous section when

the truth-matched reconstructed jets are required to pass the analysis selection cuts.

The efficiency values shown on the z axes in Figures 4.5 and 4.6 therefore describe

95



0.08
0.07
0.06
0.05
0.04
0.03
0.02
[ 0.01

10° 10 10 10°
p [GeV] p [GeV]

10 107

Figure 4.6: The track-in-jet efficiency (left) and the track-gained efficiency (right) for
c-jets as a function of the track momentum and pseudorapidity. The z axis labels
the value of the efficiency, which includes the jet efficiencies described in the previous
section.

the efficiency with which a truth-level track in a truth-level b- or c-jet is reconstructed
in a reconstructed, SV-tagged jet passing the BDT cuts, kinematic cuts, and trigger

selections listed in Section 4.1.

4.3 Unfolding

Due to the large jet pr resolution, there are a non-negligible amount of bin migra-
tions in the z, jr, and r distributions which must be corrected for with an unfolding
procedure. A two-dimensional iterative Bayesian unfolding, the details of which are
described in detail in Section 3.3, was used for this analysis. The reconstructed z,
Jr, and r distributions measured in MC were efficiency-corrected using the track ef-
ficiencies described in Section 4.2.2 and then used to construct response matrices for

the unfolding procedure.

4.3.1 Response Matrices

The response matrices were constructed using simulation, as both the truth-level
MC generated in PYTHIA and the reconstructed-level MC passed through the de-

tector simulation are needed in order to quantify how much the truth distributions
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Figure 4.7: The 2D response matrix for the longitudinal momentum fraction, z.

are smeared after their reconstruction at the detector-level. Simulated b-dijet events
were used to construct the response matrices, since the c-dijet events have a low re-
construction efficiency and the detector response is expected to be similar for b- and
c-jets [19]. The truth-level MC events were required to pass the fiducial selection
cuts, while the reconstructed MC events were subjected to the same selection cuts as
applied to real data. Tracks in the reconstructed jets were matched to tracks in the
truth jets via a standard LHCb algorithm that matches reconstructed MC particles
to their corresponding truth MC particles, if they exist. The pairs of matched truth
and reconstructed jets and truth and reconstructed tracks are used to construct a
response matrix for each observable.

Figure 4.7 shows the response matrix constructed for the longitudinal momentum

fraction z. The sixteen large bins in the matrix account for migrations between the
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truth-level and reconstructed-level jet pr bins, while the smaller bins within a single
large bin indicate migrations between the truth-level and reconstructed-level z bins.
The four large bins along the diagonal of the response matrix indicate reconstructed
jets that were correctly reconstructed within their true jet pr bin. The concentra-
tion of most entries along the diagonal in Figure 4.7 indicates that most jets are
reconstructed in the correct truth-level pr bin. However, there are also a significant
number of entries in the off-diagonal pr bins, indicating that a non-negligible number
of jets are reconstructed in a ps""* bin other than their p}*"™ bin. Most of the jet
pr migrations are between neighboring pr bins; the few entries in the large bins at
the top left and bottom right of the response matrix indicate that there are very few
jets whose true pr is in the 17-20 GeV bin but whose reconstructed pr is in the 30-50
GeV or 50-100 GeV bins, and vice versa. Within one of the large bins in the response
matrix, a diagonal line indicates the number of charged hadrons whose reconstructed
z was correctly reconstructed in the true z bin. Off-diagonal entries within a large bin

reco

indicate charged hadrons whose 2"°“° was reconstructed in a bin other than the 2"

Figure 4.7 shows that within a (pj"", pi*""*¢) bin, most of the reconstructed z

. . . . it
values are reconstructed in the correct truth-level z bin, even in off-diagonal (pJ"",

Pio ) bins. However, there are still a significant number of entries in off-diagonal
(z7ec0 z'rue) bins, indicating detector smearing effects on z that the unfolding will
correct. The response matrix shows expected kinematic effects on z due to the jet
pr smearing; for jets that have a reconstructed ppy larger than their truth pz, the z
smearing is concentrated above the diagonal, indicating that the reconstructed z val-
ues are smaller than the true z values. For jets that have a reconstructed pr smaller
than their truth pr, the opposite is true: the smearing in z is concentrated below the
diagonal, indicating that the reconstructed z values are larger than the true z values.

The response matrices for the transverse momentum relative to the jet axis, jr,

and the radial distance of hadrons from the jet axis, r, are shown in Figures 4.8 and
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Figure 4.9: The 2D response matrix for the radial distance from the jet axis, r.

4.9, respectively. The jr and r response matrices show a larger amount of smearing
than observed in the z matrix, as indicated by the broader spread of entries above
and below the diagonal in each (pj"*, pi"*) bin. As neither the jr nor the r
observables explicitly depend on the jet pr, the smearing observed in their response
matrices is due primarily to the jet ¢ and n resolution, which is larger than the jp

and r bin sizes.

4.3.2 Closure Test

The raw distributions measured in data were efficiency-corrected and then un-
folded seven times. The unfolding iteration number was determined by performing
an additional iteration on the efficiency-corrected MC distributions and observing

the change in the z, jr, and r distributions relative to the previous iteration. The
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Figure 4.10: The results of the unfolding closure test in each jet pr bin for the z, jr,
and r distributions. The straight lines are a fit to the distribution in each jet pr bin
to determine the deviation from unity.

iteration number was chosen when an additional iteration changed the distributions
by less than 0.5%, excluding the edge bins which can vary by up to 3%.

To test that the unfolding recovered the truth distributions in the selected number
of iterations, a closure test was performed using the MC. Since the MC was generated
for each configuration of the LHCb dipole magnet, with the magnet polarity in the 4y
direction (Magnet Up) or in the —¢ direction (Magnet Down), these two independent
MC samples were used to perform the closure test. The Magnet Down MC sample
was arbitrarily used to generate response matrices, which were then used to unfold
the reconstructed z, jr, and r distributions measured in the Magnet Up MC. The
ratio of the unfolded distributions to the truth distributions was calculated and a fit
was performed to determine the deviation from unity in each jet pr bin. Figure 4.10
shows the results of the closure test. All bins are consistent with unity, indicating
they pass the closure test, except for the highest jr bin which is dropped from the

final measurement.

61



1010 1010
87 F ISR ] 37 I
2 - E S oy 3
Z 10F o e e, {1 Zwp T . E
- F N .- - E . F g ",r*’-- E
10°F =+ e E 10°F Sl E
3 " o+ ] — e E
10" o T 10" - 3
3 == 3 E g ]
10°F — 10° E
E 3 E —e— 3
105 - — —*— Raw - 105 e —*— Raw E
E —— —e— Efficiency Corrected = E *— Efficiency Corrected E
4
10F Unfolded - 10° E Unfolded ™
L Il Il ] L Il Il |
102 10" 1 107 10 1
z z
N 10V g T T 3
Z 0k e 1
E - E
P el ]
D
0 e leTe E
107 e =
E == E
10°F =t 4
E o= 3
E Raw 3
10°F E
F —e— Efficiency Corrected —*
10* £ Unfolded 3
C ! ! s
10 10" 1
z

Figure 4.11: The raw (red), efficiency-corrected (black), and unfolded (blue) z distri-
butions for b-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV (top
right), and 50-100 GeV (bottom).

Figures 4.11, 4.12, and 4.13 show the raw, efficiency-corrected, and unfolded dis-
tributions for b-jets in data for z, jr, and r, respectively, while Figures 4.14-4.16
show the corresponding distributions for c-jets in data. As will be discussed in more
detail in Section 4.4.1, several bins at high and low z and j; are combined for the
charm distributions due to the low MC statistics as a result of the small charm di-
jet SV-tagging efficiency. The low statistics available for the charm MC present a
difficulty when assigning systematic uncertainties for the charm distributions. The
charm binning shown in Figures 4.14-4.16 is currently used for assigning systematic
uncertainties on the final measured distributions, however it should be noted that the
charm statistics available in data are significantly higher and the limited charm dijet
MC statistics can be improved upon. The distributions show that the unfolding is a
small correction relative to the efficiency correction. As expected, the unfolding also
tends to migrate counts from the higher jet py bins to the lowest jet pr bin. Due to

the steeply falling jet pr spectrum, the smearing at the detector level tends to result
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in more truth-level jets being shifted into higher reconstructed jet pr bins than into
lower jet pr bins. The unfolding corrects this migration in the jet py bins, as well as

between the individual z, jr, and r bins.
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Figure 4.12: The raw (red), efficiency-corrected (black), and unfolded (blue) jr dis-
tributions for b-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV
(top right), and 50-100 GeV (bottom).

4.4 Systematic Uncertainties

4.4.1 Bias from heavy flavor jet tagging

The SV-tagging algorithm used to tag the jets uses information about the tracks in
the jets and applies cuts to them in order to reconstruct a secondary vertex consistent
with originating from a heavy flavor hadron decay, as described in detail in Section
3.2.1. The displaced track selection and non-negligible inefficiency of the SV-tagging
algorithm could potentially result in the z, jr, and r distributions being biased to-
wards heavy flavor jets that pass the SV-tagging requirement, rather than describing

the general features of hadronization in inclusive heavy flavor jets. A systematic un-
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Figure 4.13: The raw (red), efficiency-corrected (black), and unfolded (blue) r distri-
butions for b-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV (top
right), and 50-100 GeV (bottom).

certainty was assigned for this bias by studying the effect of the SV-tagging on the z,
jr, and r distributions in simulation. Reconstructed MC dijets were selected with the
same requirements as applied to real data, with the exception of the SV-tag and BDT
cut requirements. The reconstructed MC dijets were matched to their corresponding
truth-level MC dijets, and the truth-level charged hadron distributions were mea-
sured. The distributions in the truth-level MC jets, rather than the distributions in
the reconstructed MC jets, were used for this study to avoid including bin migration
effects in the determination of the heavy flavor tagging bias, which were corrected
for separately with the unfolding. The truth charged hadrons were selected with the
requirements listed in Section 4.1.2, with the exception of the track y? requirement.
The charged hadron distributions were measured in three different categories of jets:
all jets in the selected dijets, SV-tagged jets in the selected dijets, and BDT-tagged
jets in the selected dijets. When selecting SV-tagged jets for this study, both jets in

the dijet were required to pass the SV-tag requirement, as is the case in real data.
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Figure 4.14: The raw (red), efficiency-corrected (black), and unfolded (blue) z distri-
butions for c¢-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV (top
right), and 50-100 GeV (bottom).
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Figure 4.15: The raw (red), efficiency-corrected (black), and unfolded (blue) jr dis-
tributions for c-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV
(top right), and 50-100 GeV (bottom).
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Figure 4.16: The raw (red), efficiency-corrected (black), and unfolded (blue) r distri-
butions for c-jets in real data in bins of jet pr: 20-30 GeV (top left), 30-50 GeV (top
right), and 50-100 GeV (bottom).

When selecting BDT-tagged jets, only one of the jets in the dijet was required to pass
the BDT requirement.

The ratio of each charged hadron distribution in SV-tagged jets to the jets with
no heavy flavor tag requirement applied was measured to study how the SV-tagging
algorithm affected the shape of the charged hadron distributions. To study the effect
of the applied BDT cut on the distributions, the ratio of each distribution in BDT-
tagged jets to SV-tagged jets was measured. Comparing the distributions in BDT-
tagged jets to those in SV-tagged jets was necessary to study the effect of the BDT cut
alone since the BDT tag requirement can only be applied to jets that have already
passed the SV-tagging algorithm. The bias of the combined SV-tag and BDT cut
requirements used to tag heavy flavor jets in this analysis was also studied. The ratio
of distributions with both the SV-tagging and BDT cut applied to distributions with
no heavy flavor tagging applied was measured to study the bias of the heavy flavor

jet selection on the charged hadron distributions. For each bias study, the SV-tag
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bias, BDT cut bias, and the combined SV+BDT tag bias, the relevant ratios were
calculated for distributions with and without the SV tracks. Each bias study was
performed in the jet pr bins used in the final measurement.

The results of the combined SV-tagging and BDT cut bias on the z, jr, and r
distributions in b-jets are shown in Figures 4.17, 4.19, and 4.21, respectively, as a
function of jet pr and with and without the SV tracks. The corresponding distribu-
tions in c-jets are shown in Figures 4.18, 4.20 and 4.22, respectively. Due to the low
charm dijet reconstruction efficiency, the c-dijet MC begins to run out of statistics
in the highest jet pr bin and at high and low z and j7. The bins with low statistics
are combined to assign a final heavy flavor tagging systematic uncertainty on the
charm distributions. For all results, a ratio of one would indicate no bias. Therefore
deviations from one indicate where the heavy flavor tagging biases the shape of the
charged hadron distributions, and where a larger systematic uncertainty must be ap-
plied. Most of the observed bias is due to the SV-tagging and not the applied BDT
cut, as can be seen from the individual SV-tag and BDT cut bias studies shown in
Appendix B. The b-jet z distributions, shown in Figure 4.17, all exhibit an enhance-
ment in the number of charged hadrons selected with a z value of approximately 0.15
relative to inclusive b-jets. From previous measurements of heavy flavor fragmenta-
tion functions, the SV in the jet is expected to carry most of the jet momentum and
therefore would be expected to have a high z value. However, the decay products
from the SV have smaller momenta and as a result would be expected to have smaller
z values than the SV itself. For SV decays involving more than two final decay prod-
ucts, which are common for beauty hadron decays, the z values of the SV decay
products would be expected to be even smaller. The c-jet z distributions, shown in
Figure 4.18, confirm this interpretation as they are strongly peaked towards higher z
values than the b-jet distributions. Charm hadron decays tend to include fewer decay

products than beauty decays, therefore charged hadrons from these decays should
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Figure 4.17: The combined bias due to the SV-tagging and BDT requirements on the
z distributions in beauty jets. The bias is calculated in bins of jet pr: 20-30 GeV
(top left), 30-50 GeV (top right), and 50-100 GeV (bottom).

carry a higher fraction of the heavy flavor hadron momentum, consistent with the
peak observed at large z values.

The b-jet jp distributions in Figure 4.19 show an enhancement at high jr values
relative to the distributions for inclusive b-jets. The enhancement is more pronounced
for the distributions containing the SV tracks, indicating that these tracks tend to
have higher jr values. A similar enhancement, slightly less pronounced due to the
lower charm statistics, is observed in the c-jet jr distributions in Figure 4.20. The
enhancement is likely due to the explicit requirement in the SV-tagging algorithm that
requires the SV in the jet to have a pr of at least 2 GeV. The b-jet r distributions,
shown in Figure 4.21, show a slight peak relative to inclusive b-jets at low r values.
The broad peak narrows slightly and shifts to lower r values with increasing jet pr,
both of which are features that are consistent with the dead cone effect which is
simulated in Pythia. A similar trend is observed in the lowest jet pr bins of the

c-jet r distributions, shown in Figure 4.22, although the peak at low r is much more
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Figure 4.18: The combined bias due to the SV-tagging and BDT requirements on the
z distributions in charm jets. The bias is calculated in bins of jet pt: 20-30 GeV (top
left), 30-50 GeV (top right), and 50-100 GeV (bottom).

pronounced for the charm distributions. The sharper peak observed for c-jets could
be attributed to the fewer decay products from charm decays, which would tend to
localize the approximate position of the charm hadron more than the decay products
of beauty hadrons, which effectively smear out the r distribution. While the dead
cone is also present in the inclusive heavy flavor jets, it is not surprising that partially
or fully reconstructing the SV in the jet, which can be interpreted as a proxy for the
radiating heavy flavor quark, would tend to enhance the selection of tracks sensitive
to the dead cone.

For all ratios, the PV-only distributions have a slightly smaller bias than the
PV+SV distributions. The smaller bias is consistent with tracks in the SV being more
sensitive to specific kinematic cuts that are applied to the SV in the jet. However, the
bias in the PV-only distributions is not zero because the jets are still SV-tagged and
required to pass the BDT cut. While the SV tracks are not included in calculating the

PV-only z, jr, and r distributions, they are still present in the jet and therefore still
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