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ABSTRACT
Ph.D THESIS

MEASUREMENT of BY MESON MASS SPECTRA IN PROTON-PROTON
AND LEAD-LEAD COLLISIONS AT /s =5.02 TeV

Candan DOZEN ALTUNTAS

DEPARTMENT OF PHYSICS
INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor  : Prof. Dr. Ayse POLATOZ
Co-Supervisor : Senior Research Physicist Samim ERHAN
Year : 2019, Pages : 172
Jury : Prof. Dr. Ayse POLATOZ
Prof. Dr. Eda ESKUT
Prof. Dr. Sefa ERTURK
Prof. Dr. isa DUMANOGLU
Prof. Dr. Kenan SOGUT

The production cross sections of BY mesons and their charge conjugates are
measured in proton-proton and nucleus-nucleus collisions via the exclusive decay
channel BY — J/y ¢ — pu~ KTK™ at a center-of-mass energy/syy = 5.02 TeV
per nucleon pair and within the rapidity range (|y| <2.4) using the CMS detector at
the LHC. The proton-proton measurement is performed as a function of transverse
momentum pr in the BY meson transverse momentum range from 7 to 50 GeV/c and
compared to the predictions of next-to-leading order perturbative calculations. The
BY production yield in lead-lead collisions is measured in two pr intervals, 7 to 15
and 15 to 50 GeV/c, and compared to the pp production yield in the same kinematic
region.

Key Words: Cross section, B? Meson, PbPb Collision, CMS
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DOKTORA TEZi

B? MEZONLARININ /s = 5.02 TeV ENERJIDE PROTON-PROTON VE
KURSUN-KURSUN CARPISMALARINDAKI KUTLE SPEKTRUM
OLCUMLERI

Candan DOZEN ALTUNTAS

CUKUROVA UNIVERSITESI
FEN BIiLIMLERI ENSTITUSU
FiZiK ANABILIiM DALI

Danisman : Prof. Dr. Ayse POLATOZ
Ikinci Danigman : Kidemli Arastirmaci Fizik¢i Samim ERHAN
Y1l : 2019, Sayfa : 172
Jiri . Prof. Dr. Ayse POLATOZ
Prof. Dr. Eda ESKUT
Prof. Dr. Sefa ERTURK
Prof. Dr. Isa DUMANOGLU
Prof. Dr. Kenan SOGUT

B? mezonlarmin iiretim tesir kesitleri, LHC nin CMS deneyinde,/syy = 5.02
TeV enerjide proton-proton ve gekirdek-gekirdek ¢arpismalarinda rapidite araligi (|y|
<2.4)ahinarak BY — J/w ¢ — uTu~ KT K~ bozunum kanali igin 6lgiilmiistiir. Proton-
proton garpigmalarinda tesir kesiti 6lgiimii BY mezonlarinin enine momentum aralig
7-50 GeV/c alinarak hesaplanmis ve elde edilen sonuglar next-to-leading order pertur-
bative hesaplamalar ile kargilagtirilmistir. Kursun-kursun garpismalarinda B iiretimi
7-15 ve 15-50 GeV/c olmak iizere iki farkli py araligi kullanilarak hesaplanmis ve
ayn1 kinematik segimlerde proton-proton ¢arpismalarindan elde edilen sonuglar ile
karsilastiriimistr.

Anahtar Kelimeler: Tesir kesiti, B? Meson, PbPb Carpigmalari, CMS
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GENISLETILMIiS OZET

Doganin birlesik bir tanimini bulmak igin pargacik fizigi maddenin en kiigiik
bilesenleri ve bunlar arasindaki temel kuvvetleri inceler. Standart Model (SM)
maddeyi olusturan temel parcaciklar ve bu pargaciklar arasindaki etkilesimleri agik-
layan bir kuramdir. Bu kurama gore yukari (u), asagi (d), ¢ekici (c), garip (s), iist (t)
ve alt (b) olmak {izere alt1 farkli ¢esni kuark bulunmaktadir.

Cekici ve alt kuarklar1 igeren agir ¢esnili hadronlar, Kuantum Renk Di-
namiginin (KRD) ¢esitli yonlerini anlamak i¢in gerekli araglardan biridir. Ayrica, agir
iyon ¢arpismalarinda, agir ¢esnili mezonlar, bu ¢arpigsmalarda iiretilen Kuark-Gluon
Plasma (KGP) olarak bilinen sicak ve yogun ortamin arastirilmasinda ¢ok onemli
bir rol oynamaktadir. Agir kuark {iretimi, agir iyon ¢arpismalariin ilk agamalarinda
meydana gelir ve bu nedenle, KGP’nin 6zellikleri hakkinda bilgi tasirlar. Hafif kuark-
lar ve gluonlarla karsilastirildiginda agir kuarklarin daha kiigiik renk yiikii tagimalari
nedeniyle daha az enerji kaybetmeleri beklenir.

Giiclii etkilesimdeki pargaciklar sicak ve yogun kuark gluon plazmasini olus-
turulurlar. Bu durum, agir ¢ekirdeklerin yiiksek enerjili ¢arpismalarinda ulasilan sart-
larla yaratilabilmektedir. Zamanla bu sicak ortam sogumaya baglar ve hadroniza-
syon siirecinin ardindan genisler. Agir kuark carpigmasinin ilk asamasinda kuark-
karsit quark ciftleri liretilir. Bu sicak ve yogun ortam i¢inde agir quarklar ortamdaki
parcaciklarla ¢arpigma siireclerinden ve gluon 1s1masindan dolay enerji kaybederler.
Bu kayip enerji, agir ¢ekirdekli carpigmalarda (PbPb veya AuAu) proton-proton (pp)
carpismalari 6l¢ek alinarak hesaplanan dik momentum dagiliminin modifikasyonu ile
aciklanabilir. Bu Niikleer Modifikasyon Faktorii (NMF) ¢ekirdek-¢ekirdek carpis-
malarindaki tesir kesitinin pp ¢arpismalarindan elde edilen tesir kesitine orani olarak

hesaplanir. Bu oranin 1’e yakin ¢ikmasi durumunda pp ve PbPb ¢arpigmalarinda her-
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hangi bir niikleer etkinin olmadig1, 1°den kiigiik olmasi durumunda B? parcaciklarinin
baskilanmasinin ortaya ¢iktigi ve 1°den biiyiik olmasi durumunda ise ¢oklu etkilesim-
lerin gergeklestigi sonucuna varilir.

Bu olayin bir sonucu olarak, ¢esitli kuramsal hesaplamalar, merkezi PbPb
carpismalarinda, hafif parcaciklarin enerji spektrumlarinda, ¢ekici ve alt mezon-
larinkine oranla 6nemli farkliliklar oldugunu o6ne siirmektedir. Kompakt Muon
Solenoid (CMS) Biiyiikk Hadron Carpistiricisinin (BHC) yiiksek 1sinlilik ile elde et-
tigi pp ve PbPb carpigsmalarindan alinan veriler ile yiiklii par¢aciklarin niikleer modi-
fikasyon faktoriinii kullanarak bu enerji farkliligini agiklama 6zelligine sahiptir. Her
iki ¢arpigmadan elde edilen hesaplamalar sonucunda genis acisal momentum ar-
aliginda (2GeV-100GeV) benzer sonuglar elde edilmektedir.

Bu ¢alismanin amaci, BY mezonlarinin iiretim tesir kesitlerini pp ve PbPb
carpigmalarinda hesaplayarak, alt (b) kuarklarin hadronizasyonunu ve ¢esnilere bagl
enerji kaybini 6lgmektir.

Ayrica, agir iyon garpigmalarinda BY pargaciklarinin baskilanmasinin lgiimii,
hadronizasyon mekanizmasini anlamakta 6nemli rol oynamaktadir.

BY mezonun iiretiminin l¢iimii, zayif kuvvetlerin arastirilmasi ve madde an-
timadde asimetrisinden kaynaklanan SM tarafindan 6ngdriilmeyen yeni pargacik ve
kuvvetleri gbzleme olanag: saglamaktadir..

BY mezonlarimin iiretim tesir kesitleri, BHC’ nin CMS deneyinde 2015 yilinda
VSynv = 5.02 TeV’lik kiitle merkezi enerjisinde pp ve PbPb ¢arpigsmalarindan elde
edilen veriler kullanilarak ve (|y| <2.4) rapidite araliginda, dallanma oran1 B =
(3.1240.24) x 107 olan B? — J/y ¢ — uTu~ KTK~ bozunum kanali igin
Olgiilmiistiir.

pp carpigmalarinda tesir kesiti 6lgiimii B mezonlarimin dik momentum ar-

aligr 7-50 GeV/c alinarak hesaplanmis ve elde edilen sonuglar kuramsal hesapla-
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malar (FONLL: Fixed Order Next to Leading Logarithms) ile karsilastirilmistir. PbPb
carpigmalarinda B? iiretimi 7-15 ve 15-50 GeV/c olmak iizere iki farkli pr araligi kul-
lanilarak hesaplanmis ve ayni kinematik se¢cimlerde pp carpismalarindan elde edilen
sonuglar ile karsilastirip son olarak BY mezonlari igin niikleer modifikasyon faktorii
hesaplanmustir. Buna ek olarak BY mezonu ile BT mezonunun niikleer modifikasyon
kargilagtirilmalari hem PbPb hemde pp ¢arpigmalari i¢in hesaplanmis ve PbPb carpis-
malarindaki niikleer etkilerin pp carpismalarina oranla beklenildigi gibi daha baskin

oldugu goriilmiistiir.
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1. INTRODUCTION Candan DOZEN ALTUNTAS

1. INTRODUCTION

Heavy flavor hadrons containing charm and beauty quarks provide one of the
essential tools to understand the various aspect of Quantum Chromodynamics (QCD).
Furthermore, in heavy-ion collisions, heavy-flavour mesons play a crucial role as they
have long been proposed as ideal probes of the hot and deconfined medium, known as
Quark-Gluon Plasma (QGP), which is produced in such collisions. Heavy quarks pro-
duction occurs in the very first stages of heavy-ion collisions, and therefore they carry
information about the prethermalization properties of the QGP. The heavy quarks are
expected to lose less energy due to smaller colour charge and the dead cone effect
(Dokshitzer and Kharzeev, 2001)) by comparison with light quarks and gluons. As a
consequence of this phenomenon, several theoretical calculations predict sizable dif-
ferences in the suppression pattern of light particle versus that of charmed and beauty
mesons, in central Lead-Lead (PbPDb) collisions. The Compact Muon Solenoid (CMS)
collaboration was able to measure the nuclear modification factor (R44) of charged
particles with using the high luminosity LHC runs of proton-proton (pp) and lead-lead
(PbPb) collisions (CMS Collaboration, |2016b)). The two measurements show a very
similar suppression in a vast transverse momentum interval (from 2 to 100 GeV/c).
This study aims to test the flavour dependence of energy loss and the hadronisation
of beauty quark, by measuring the exclusive production of B! mesons in PbPb col-
lisions in a similar kinematic range (7 < pr < 50 GeV/c). The measurement of the
suppression of strange beauty particles in heavy ion collisions is also vital to un-
derstand the mechanism of beauty hadronisation. In the presence of a medium with
increased strangeness content, the relative yield of BY mesons with respect to non-
strange beauty mesons at low-intermediate pr can be enhanced in nucleus-nucleus

collisions as compared to pp interactions if recombination is a relevant mechanism of
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beauty hadronisation in the QGP.

This thesis describes the production of heavy-flavour in heavy-ion collisions.
In particular, the analysis of the B meson transverse momentum spectra in pp and
PbPDb collisions at the centre-of-mass energy 5.02 TeV is presented. The measurement
of the production of BY mesons probes the weak interaction and includes the possi-
bility to observe sizable particle anti-particle asymmetries caused by heavy particles
and new forces between them which are not predicted by the Standart Model (SM).

The analysis has been performed on the both pp and PbPb data collected by
CMS, through the full reconstruction of the decay channel BY — J /y ¢ with branch-
ing fraction B = (3.1240.24) x 107° in rapidity region |n| < 2.4. The J /v is re-
constructed in the u* u_ decay channel and ¢ is reconstructed to K*K~. The pp B?
differential cross section is also presented. Besides, the R4, described as the ratio of
BY cross-sections in pp and PbPb scaled by the number of nucleon-nucleon scattering,
is represented in the centrality range 0-100%.

The results have finally been compared to Fixed Order Next to Leading Log-
arithms (FONLL) calculations (Cacciari, [1998)) (expectations from scaled pp colli-
sions) at the same centre-of-mass energy to study possible modifications of the pro-
duction.

The results are presented for the data recorded during the year 2015 with the
CMS. It is designed to explore a wide range of physics in pp and PbPb collisions.
The analysis presented here assess and benchmark the performance of a variety of
detector components including track and muon reconstruction. For reconstruction of
long-lived particles, like the b hadrons, the silicon pixel detector provides the most

significant information.
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2. THEORETICAL OVERVIEW

2.1. Standard Model (SM) of Particle Physics

The SM is a quantum field theory which describes the elementary particles and
their interactions including three of the four fundamental forces in physics: the weak
force, the strong force, and the electromagnetic force, with the gravity the notable
exception. The SM is classified with twelve fermion fields (spin-1/2 matter particles,
quarks and leptons) and twelve gauge boson fields (spin-1 force carriers, eight gluons,
(W*, W, Z° and ) as well as a complex scalar doublet field (the Higgs boson). All
the fundamental particles in the SM that have been experimentally observed and their
interactions are represented in Figure 2.1] Quarks are categorized based on their
electric charge (up-type (Q=+2/3) and down-type (Q=-1/3)) and for each quark there
exists a charge conjugated anti-quark. The up-type quarks consist of the up (u), top
(t) and charm (c) whereas the down-type quarks contain the down (d), bottom (b) and
strange (s) quarks. Leptons can be classified into three different flavours: the electron
(e), the muon (u), and the tau (t), each with a flavour-specific neutrino (v, v, and vr)
and all leptons have corresponding antiparticles. While neutrinos have no electrical
charge, electrons, muons and taus have one unit of electrical charge.

The second category of fundamental particles, the gauge bosons, are the force
carriers between the four fundamental forces in physics. The electromagnetism is
described by Quantum Electrodynamics (QED) and responsible for phenomena in-
cluding electricity, magnetism, the structure of matter as well as the chemical interac-
tions. The electromagnetic force is a long-range force and decreasing proportionally
to the square of the distance between charged particle interaction. The charge of the
interaction is called electric charge and its mediator is a neutral and massless photon

(gamma) and couples to all of the charged fermions.
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Standard Model of Elementary Particles
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Figure 2.1. The particle content of the SM (Wiki, [2018)

The weak interaction is a short-range force due to the mediator particles, W+
and Z°, are massive. All elementary particles participate in the weak interaction via
charged W or neutral Z° . The charge of the weak interaction is called weak isospin
and the weak force can change quark flavour. The electromagnetic and weak inter-
actions are indistinguishable at higher energies and can be unified by a single elec-
troweak theory with the electric and flavour charges combined into a single weak
“hypercharge”.

The strong interaction is well defined by the QCD and mediated by exchanges of the
massless gluons. It is responsible for holding the quarks together in particles. There
are two types of quark combinations are established as existing in nature: quark anti-
quark pair state (q g) called mesons and three-quark state (qqq) called baryon. The

quantum numbers of the hadrons are determined by quarks which are called valence
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quarks. Each hadron may contain an indefinite number of virtual (sea) quarks, an-
tiquarks, and gluons which do not influence the quantum numbers. The sea quarks
dominate the dynamics of hadrons in reactions at high energies, while at energies be-
low 10 GeV the valence quarks are dominated. The B? mesons are composed of the
valence quarks anti-b and s (strange) quark combinations. The corresponding anti B
meson consists of a b and an anti-s quarks). As an example of baryons, proton and
neutron, composed of uud and udd valence quark combinations, respectively. The

proton components are shown in Figure [2.2.

sea quarks

valence quarks

Figure 2.2. Proton constituents

The presence of multiple quarks with the same quantum numbers is possible in
baryons. However, this violates the Pauli exclusion principle for identical fermions.
In order to avoid this, a new degree of freedom called colour charge was introduced
by Greenberg (1964). This charge is the source of the inter-quark force or called
colour force. Each quarks contains color values ‘red’, ‘green’ or ‘blue’ (R, G, B),
and for antiquarks the color values are ‘anti-red’, ‘anti-green’ or ‘anti-blue’ (R, G, B).
Additionally, the neutral combinations of colour charges can be formed from either a
colour with its anti-colour or the sum of all three colours or anti-colours: RR = GG =

BB = RGB = RGB=0.
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The last particle in the SM is the Higgs boson, a neutral scalar particle. which
is responsible to give mass to the heavy gauge bosons and the rest of the particles. The
Higgs boson has been discovered recently by the ATLAS and CMS Collaborations in
July 2012 with a mass of 125.09 GeV (Aad et al.,|2012; Aad et al.,[2015}; Chartchyan
etal.,2012).

Although the SM is very successful theory which has been observed experi-
mentally very precisely, there are some phenomena can not be explained within the
SM framework. The SM is inconsistent with the theory of gravitation described by
general relativity. Another open question raises from the nature of the electroweak
symmetry breaking which is related to a hierarchy problem. Furthermore, SM can
not explain the matter/antimatter asymmetry observed in the universe. In addition,

the SM does not explain the dark matter and dark energy.

2.2. Heavy quark production at the Large Hadron Collider (LHC)

The heavy quark production measurements in high energy hadronic interac-
tions are important tests of QCD. The collisions at the LHC produce b and anti b (b)
quark pairs which combine with other quarks to form B mesons. The QCD theory
well describes the primary collision between hadron constituents. It is categorized
according to variables that define the momentum and angular ranges of the reaction

products:

* The transverse momentumpy is the momentum in the plane perpendicular to
the direction of the collisions,
* The pseudo-rapidity () is the spatial coordinate that describes the angle of a

particle relative to the beam direction. It is expressed by the following equation:

0
n= —ln[tan(g)], 2.1
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where 0 is the angle between the beam direction and the particle momentum p.

¥-axis

XZ - plane P

Bl:I'I"I!
7-axis

proton > proton

n=-In[(tan(8/2)]

Figure 2.3. The pseudo-rapidity (Xabier Cid Vidal, [2018])

Since the particle production is constant as function of 6, in hadron collider
physics, the pseudo-rapidity is preferred over rapidity.
The BY mesons are produced with two separate production processes, bb quark

pair production and hadronisation,

* bb quark pairs are produced at the collisions through elementary quark or gluon
processes,
* The hadronisation stage which are more complex quark combinations, b-quarks

separate and turn into hadrons.

The hadronisation process starts when a bb quark pair is produced. In case of a single
quark or gluon is not observed, the quarks could permanently confine within hadrons
which is called as quark confinement by the QCD property. As two quarks separate,
the potential energy due to the colour force attraction between them increases until
it is more energetically sufficient to generate a virtual quark anti-quark pair from the

vacuum sea into physical reality. This process creates hadrons with constituent b-
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quarks (b-hadrons). The bb quark pair production is shown in Figure

Figure 2.4. Hadron production from the interaction between gluons at LHC. The
constituent quarks in different colors (uud) and the sea quarks and
gluons are shown (Cerizza,|2012)

The heavy quark productions are special interest because it helps to understand
the mechanisms of heavy quark interaction at the very high temperature and density
medium created in heavy ion collisions. Since the heavy quarks (charm and bottom
quarks) are primarily produced at the early stage of heavy ion collisions, they carry
information about the pre-thermalization properties of the QGP. In contrast to light
quarks and gluons, the heavy quarks are expected to lose less energy because of the
smaller colour charge and the dead cone effect (Dokshitzer and Kharzeev,2001). The
study of the exclusive production of BY mesons in PbPb collisions provides for testing
the flavour dependence of energy loss. Furthermore, the suppression of strange beauty
particles measurement in heavy-ion collisions is considered of fundamental impor-
tance to study the mechanisms of beauty hadronisation. In the presence of a medium
with increased strangeness content, the relative yield of B mesons concerning non-
strange beauty mesons at low intermediate pr can be enhanced in nucleus-nucleus

collisions as compared to pp interactions if recombination is a relevant mechanism of
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beauty hadronisation in the QGP.

2.3. B Mesons
In particle physics, B mesons are bound states of a b quark and light anti-quark.

The binding among the quarks is provided by the strong interaction whereas B mesons
can only decay by the weak interaction. The list of B mesons and their quarks contents

are represented in Table (Wikimedia, [2018)

Table 2.1. List of B mesons

Particle Sym- Anti- Quark Charge | Rest Mass Mean Lifetime(s)
bol particle | content (MeVc?)

B meson | Bt B~ ub +1 5279.29 +0.15 (1.638 +0.004)x10~12
B meson | B BO db 0 5279.61 +0.16 (1.52040.004)x10~12
Strange | BY B0 sb 0 5366.79 + 0.23 (1.51040.005)x10712
B meson

Charmed | B} B: ch +1 6275.1 + 1.0 (0.507 +0.009)x10~12
B meson

2.3.1. The BY — J/y 0(1020) Decay

This dissertation focuses on the BY meson decay into the J/y (c¢) and ¢ (s5)

particles. The decay diagrams of the BY — J/y¢ are presented in Figure

5“r¢

B(: 5 !
.fr: ,J‘HJ-L\ }J’lﬂ

Figure 2.5. The tree-level Feynman diagrams for the BY meson decay into J/y and
¢. The quark pair cc and ss form the J/y and ¢ particles, respectively.

The final state J/y 0(1020) is analyzed with the J/y decays to a muon
pair(u™u ) and ¢(1020) decaying to K K~. The possible additional contributions
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from the B meson decays are also considered and analyzed as well. The detailed
information about these contributions can be found in Section[4.14]

In this dissertation, the measurement of the BY meson transverse momentum
(pr)spectra in pp and PbPb collisions at 5.02 TeV is studied. The B? mesons produc-
tion is measured in rapidity region |n| < 2.4, via the full reconstruction of the decay

channel of BY — J/y ¢ with branching fraction,
BR(BY — J/y0) = (3.1240.24) x 1077, (2.2)

Furthermore, the pp B differential cross section is measured and compared to
theoretical calculations. Besides that, the nuclear modification factor which is defined
as the ratio of BY cross-section in PbPb and pp collisions scaled by the number of

nucleon-nucleon scattering are represented.

10
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3. EXPERIMENTAL APPARATUS

3.1. The LHC and CMS Experiment

The LHC (LHC,[1995) is the largest and most powerful pp collider for High
Energy Physics (HEP). It was installed in an existing 27 km long underground tunnel
near Geneva, Switzerland. The LHC accelerate and collide proton beams at a center
of mass energy of \/s = 14 TeV with instantaneous luminosity of L =1034¢cm 2571
Some of the motivations for the construction of the LHC is to shed light on the pos-
sible new phenomena beyond the SM (Turner, |1998)), the nature of electroweak sym-
metry breaking and it led to the discovery of the Higgs boson (CMS Collaboration,
2016c¢]), (Atlas Collaboration, [2016)).

Furthermore, the LHC is able to accelerate and collide beam of heavy ions
(lead:Pb) with a center of mass energy of /s= 2.76 TeV per nucleon and a design
luminosity of 102”cm~2s~!. Heavy ion collisions produce a QGP as it was present in
the first moments of the universe which will help to further investigate the properties
of the strong interaction (Florian, 2012) which binds quarks together to mesons and
hadrons.

The particles are accelerated in two beams in opposite direction before they
are brought collision in the four different interaction points that host four of the LHC
experiments: CMS (CMS Collabration, 2008)), ATLAS (Atlas Collaboration, |2008)),
ALICE (Alice Collaboration, [2008)), and LHCb (LHCb Collaboration, 2008). CMS
and ATLAS are general purpose experiments which examine a wide range of physics
at the TeV scale like extra dimensions, SuperSymmetry (SUSY), dark matter, and
string theory. One of their main goals has already been reached: to find the Higgs
boson. LHC beauty (LHCD) focuses on the physics of the b-quark to understand the

matter and antimatter asymmetries in the universe. A Large Ion Collider Experiment

11
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(ALICE) studies lead-ion collisions to produce QGP.

The accelerator complex at CERN, shown in Figure[3.1] consists of linear and
circular accelerators which accelerate particles to increasingly higher energies. The
energy of a beam of particles is boosted by each accelerator before the beam is injected
from one machine to the next.

The proton beam starts from a bottle of hydrogen gas and to extract the protons,
an electric field is applied to strip hydrogen atoms of their electrons. The protons
are accelerated with a time-dependent electric field applied to Radio-Frequency (RF)
cavities in the Linear Accelerator 2 (LINAC 2) (Tronc, 2002).

The LINAC2 boosts the particles energies up to 50 MeV. The protons are then
sent to the Proton Synchrotron Booster (PSB) (LHC, |1995; Evans and Bryant, 2008)
the first circular accelerator in the chain, the energy to increases to 1.4 GeV, fol-
lowed by the Proton Synchrotron (PS) (LHC, 1995 Evans and Bryant, [2008)) where
the energy of the particles reaches 25 GeV. The beam of particles is then fed to the
Super Proton Synchrotron (SPS) (LHC, |1995; Evans and Bryant, 2008) where it is
accelerated to 450 GeV. Afterwards, it is injected into the LHC, in clockwise and
anticlockwise direction, where it reaches its nominal energy of 7 TeV.

The LHC accelerates only one type of lead, namely Pb(208). The lead ion
beams start with a piece of pure lead. A small number of atoms are vaporised by
heating them to about 500°C. In order to create ions, a few of the electrons from
each atom are removed by an electrical current. The newly created ions start to travel
from a linear accelerator called LINAC 3 (Tronc, 2002) which boosts the energy to
4.5 MeV per nucleon. The ions are then sent to the Low Energy lon Ring (LEIR)
(Chanel, 2002)) which allows an increase of the energy to 72 MeV per nucleon. Va-
porization and acceleration in LINAC 3 and LEIR are the only different stages in the

acceleration process for ions. After they leave the LEIR they pass through the PS and

12
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then SPS where the lead ions reach their energy of 5.9 GeV and 177 GeV per nucleon,
respectively. They are finally injected into the LHC in two opposite directions and
reach energies of up to 1.38 TeV (1380 GeV) per nucleon before they are brought to

collision.

I dpreton) B fmaliproton) AL ARtipranen Decelaror HI Lamge Hadran Calliger
ian - i n 75 Patan Syach aton -ToF Heurrons Thne of Fligh:
b nedirrs B neulrnis S8 Suipes Froton Synchreten TS Cern Mautrings Grang S350

Figure 3.1. The accelerator chain at the CERN complex. The arrows show the
direction of beams in the accelerators and the energy of the beam at
these points. Filled circles show the locations of the four major detectors
on the LHC (Haffner, [2013)).

3.2. The Large Hadron Collider (LHC)

In the LHC, each beam is composed of bunches which contains about 10!
protons. Superconducting magnets guide the bunches of protons with a magnetic field
of 8.3 T operated at a temperature of 1.9 K and cooled by liquid helium. The dipole
magnets allow the charged particles to bend while quadrupole magnets focus the beam
around the ring. The list of LHC parameters is shown in Table (Bruning, 2004;
Evans and Bryant, 2008)).

After reaching the nominal energy of 7 TeV, the protons collide every 25 ns at
the collision points where CMS, ATLAS, LHCb and ALICE experiments are located.

Operating the LHC at the energy scale of TeV leads to the generation of new particles.

13
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Table 3.1. List of common LHC parameters

Circumference 26659 m
Dipole operating temperature 1.9K (-271.3°C)
Number of magnets 9593
Number of main dipoles 1232
Number of main quadrupoles 392
Number of RF cavities 8 per beam
Nominal energy, protons 7 TeV
Nominal energy, ions (per nucleon) 2.76 TeV Ju
Peak magnetic dipole field 833T
Min. distance per bunches ~7 m
Design luminosity 1034 em=2s71
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.1 x 10!
Collision rate 40 MHz
RMS beam size 16.7 um

In addition to the collision energy, the number of head-on interactions (events) plays a
crucial role in accelerating physics. Measuring the ability of the particle accelerator to
produce the required number of interactions is defined by the Luminosity. Luminosity
(L) can be expressed as a proportionality factor between the number of events per
second and the cross section ¢ which can be defined as an effective area assigned to

two colliding particles.
dN,

dt

=0, XL 3.1
where L is in units of cm~2s~! while 6 is expressed in barns, 1 barn = 10%4cm 251

In order to define the number of observed events in an experiment, the integrated

14
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luminosity is used. The integrated luminosity is defined as the integral of the instan-

taneous luminosity over time and can be formulated as follows:
Lin = [ La (32)
The total amount of events N generated in a particular reaction can be defined as:
N=o / Lt (3.3)

The main aim of a collider experiment is to maximize the integrated luminosity
to collect as much data as possible available for physics analyses. During the year
2012 the instantaneous luminosity reached values of L = 7.67x1033cm 25~ with
a 50 ns bunch spacing. In 2015, the maximum luminosity reached values of L ~
5x10%3cm=2s~! with a 25 ns bunch spacing. In Figure the delivered luminosity
versus time from 2010 to 2016 for pp data is shown (Lujan, 2018)).

CMS Integrated Luminosity, pp

Data included fram 2010-03-30 11:22 to 2018-06-12 04:14 UTC
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Figure 3.2. Delivered Luminosity versus time for 2010, 2011,2012, 2015 and 2016
for pp data only.The green, red, blue, purple and yellow colours refers to
years 2010, 2011, 2012, 2015 and 2016, respectively.

In 2015, the operation of the LHC started with a bunch spacing of 50 ns and

15
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was then switched to 25 ns bunch spacing. The values for the integrated luminosities
for both pp and PbPb collisions recorded by the CMS experiment in 2015 are shown
in Figure (3.3,
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Dala v luled um 2005-11-18 14:38 o 2015-11-23 06:20 UTC Dala incluled um 2005-11-25 019:568 | 2015-12-13 12:09 UTC
- 30 BB
= |— BN LHC Delivered: 28.82 b | — B |— B LHC Delivered: 3.60 nh ' i
=) 2 Il €MS Recordad: 28.08 pi' i » [ CMS Recorded: 0.55 b -
= 25| 25 o5 [Fas 0.5
z — £
CMS Offline | umingsity Freliminary Cffling | urninasiny
£20 ! 20 204 ¥ 0.4
E £
3 H
=1s 15 =03 T3
k-l k-3
o o F
-1 =
g 10 10 E 0.2 0.2
a @
-1 2
£ [
= 5 5 — ol 0.1
% T -
o o f—
Fo : ' o F ool — . . . . ; -
ot we Wt W et ot ot oot oot ot o oot
42 g P PER RO LE S S M R LR A
Date [UTC) Date [UTC)

Figure 3.3. Total Integrated Luminosity for pp (left) and PbPb (right) as a function
of days as recorded by the LHC (in blue) and by CMS (in yellow) at
5.02 TeV centre of mass energy in 2015.

3.3. The CMS Experiment

The CMS stands for Compact Muon Solenoid is a multi-purpose particle detec-
tor which is designed to explore a wide range of particles and phenomena generated
in high energy collisions at the LHC. The CMS detector structure is based on sub-
detectors which are located around the beam pipe in a cylindrical onion-like shape as
shown in Figure The purpose of this geometry is to cover the whole interaction
region. The sub-detectors consist of layers of material which absorb particles and
measure their energy and momentum.

From inside out, the sub-detectors are the tracking system (Karimaki, |1997),
which consists of the pixel detector and silicon tracker, the Electromagnetic Calorime-
ter (ECAL) has a high resolution to detect and measure electrons and photons, the
Hadron Calorimeter (HCAL) measures the energy of hadrons. All sub-detectors are

surrounded by a superconducting solenoid magnet, followed by the muon system and
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Figure 3.4. A perspective view of the CMS detector with all the internal
sub-detectors including their names and some characteristic features also
indicated (CMS Collaboration, [2010).

the iron yoke that controls the magnetic flux return. For easy construction and main-
tenance, the CMS detector was designed in fifteen separate slices which were built

and tested on the surface and lowered down into the cavern.

3.3.1. Coordinate System

The CMS coordinate system is a right-handed reference system. The nominal
interaction point is taken as the origin. The x-axis is defined as radially inward in the
direction of the centre of the LHC, while the y-axis points vertically up towards the
surface. The z-axis is pointing along the rotational axis of the detector towards the
beam direction. The azimuthal angle ¢ is measured from the x-axis. The radial dis-
tance r is defined in the x-y plane. The polar angle regarding the beam axis is denoted
by 0 and is measured from the positive z-axis. The function of the production angle 6
with respect to the positive z-axis is defined as pseudorapidity | which characterises
the boost of the particles:

n = —In(tan®/2) (3.4)

17



3. EXPERIMENTAL APPARATUS Candan DOZEN ALTUNTAS

where —n) is preferred over 6 due to fact that it is Lorentz invariant for massless
particles under boosts along the z-direction.
Figure shows the relation between polar angle and pseudorapidity. These

variables also allow defining the transverse momentum of particles pr = |p|cos® and

the angular separation between two objects AR = /(An)2 + (A¢)2.

n=0

0=90° /'

0=45°

N=0.88

=10 T7244

6=0=—> 1=

Figure 3.5. The relation between polar angle and pseudorapidity is inverse
proportional. 1 goes towards infinity for small angles whereas 6
approaches zero.

3.3.2. Superconducting Solenoid Magnet

The superconducting solenoid magnet is the central element of the CMS ex-
periment. It is designed not only to produce a high magnetic field of 4 Tesla but also
to preserve a highly uniform field. The CMS magnet (CMS Collaboration, |1997) is
constructed of superconducting Niobium Titanium (NbTi) coils. The CMS solenoid
has an active length of 12.5 m with an outer diameter of 6.9 m which surrounds the
silicon tracker and both ECAL and HCAL. The muon system envelopes the magnet
coils within a twelve-sided iron structure which guides the magnetic field. Addition-
ally, the return yoke also acts as a filter by allowing only muons and weakly interacting

particles like neutrinos to pass through. Due to the magnetic field, the paths of parti-
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cles are bent in accordance with their mass and charge. The curvature of the particles
tracks provide a high precision measurement of their momentum, their charge, as well

as the determination of the particle positions in the tracker and the muon detectors.

3.3.3. Tracking System

The inner tracking system is located in the innermost part of the CMS detec-
tor surrounding the interaction point. At the LHC design luminosity of 1024cm 257!
there is a large amount of particles from pp interactions passing through the tracker
system. To have a precise measurement with high track multiplicities, ten layers of
silicon microstrip detectors are used. In addition, three layers of pixel detector im-
prove the impact parameter of charged-particle tracks and the position of secondary

vertices. An overview of the tracking system in the r-z plane is shown in Figure3.6]
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Figure 3.6. Schematic cross-section of one quarter of the CMS tracker in the r-z
plane. The hashed yellow area represents the pixel detector which is
located in the lower left corner. The strip tracker is placed around the
pixel detector and is shown in pink (Chartchyan, 2010).
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3.3.4. Pixel Detector
The pixel detectors are located in the innermost region of the tracking system,
and it covers a pseudorapidity range |n| < 2.5. It contains 1440 pixel modules which

are organised in three barrel layers (Barrel pixel: BPIX) with two endcap disks (For-
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ward pixel: FPIX) as shown in Figure
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Figure 3.7. A schematic overview of the Pixel detector (left) and the geometrical
layout of the pixel detector with hit coverage as a function of the
pseudorapidity (right). IP refers to interaction point.

The barrel layers surround the interaction point with a radius in between 4.4
cm and 10.2 cm. The forward pixels are positioned 6-15 cm from the interaction
point. With this layout, the pixel detector provides a 2D point with a resolution of 10
-15 um. Hence, it can measure three tracking points for charged particles within the
covered pseudorapidity range. Besides, it provides precise information for measuring
secondary vertices from b-mesons and tau decays, as well as forming seed tracks for

outer track reconstruction (CMS Collaboration, [1998)).

3.3.4.1. Silicon Strip Tracker

The silicon strip detectors placed in the outer region of the tracking system and
it surrounds the pixel detector at a radial distance of 20 cm up to 116 cm from the
collision point. The strip tracker consists of four different modules: the Tracker Inner
Barrel (TIB), the Tracker Outer Barrel (TOB), the Tracker Inner Disc (TID), and the
Tracker Endcap (TEC). The TOB and the TIB are in the central pseudorapidity region

of the tracker. The TIDs are forming the endcap tracker. The strips are placed parallel
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to the beam axis in the barrel region and perpendicular to the beam axis in the end
cap region in order to have an accurate measurement of the » — ¢ coordinates. The

resolution in r — ¢ coordinates varies from 23 um to 35 um.

3.3.5. Electromagnetic Calorimeter

A hermetic homogeneous electromagnetic calorimeter surrounds the inner
tracking system. The ECAL consist of the ECAL barrel (EB), within which 61200
lead tungstate (PbWO,) scintillating crystals are mounted, and an ECAL endcap (EE),
which consists on each side of 7324 crystals. The barrel region covers a pseudorapid-
ity range of |n| < 1.479 while the two endcaps extend the pseudorapidity coverage to
In| < 3.0. In front of the each ECAL endcap, a preshower detector is installed in order
to reject the m — yy decays in a pseudorapidity range of 1.65 < |n| < 2.6. Figure
shows the longitudinal view of one-quarter of the ECAL.

R o ==
=TEIEG Endcap
ECAL (EE)

Figure 3.8. Schematic overview of one ECAL quarter with its subsystems. Dashed
lines indicate the geometric acceptance and the blue color refers to the
PbWOy crystals.

The ECAL is a homogeneous calorimeter which is built to measure the en-
ergy deposition of electromagnetically interacting particles. When these particles are
stopped in the PbWOy crystals, a shower of particles is produced and the characteris-

tic scintillation light emitted. The scintillation light is read out by a pair of avalanche
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photodiodes (APDs) in the barrel region and by Vacuum Photo Triodes (VPTs) in the
endcaps. By measuring the scintillation light, the energy and the position of the pri-
mary particles are determined. The reason PbWOy crystal was chosen for ECAL is
their radiation resistance and fast response time (80% of the light is emitted within
25 ns). The position resolution is optimised by requiring the small transverse size
of the electromagnetic shower. The transverse profile of electromagnetic showers is
expressed by the Moiler radius. The Moliere radius of the led tungstate crystals is 2.2
cm? and combined with a barrel crystal front face of 2.2 x 2.2 cm ensures that the core

of the shower will be included in a 2x2 crystal area.

3.3.6. Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) is placed between the ECAL and the CMS
solenoid magnet. It is designed to measure the energy deposition and position of
hadrons, particles made of quarks and gluons, as well as to determine the energy im-
balance of each event which is caused by neutrinos or exotic particles. Neutral weakly
interacting particles, like neutrinos, escape from detectors without producing any re-
sponse in the detector elements. The presence of such particles is inferred from the
imbalance of total momentum.The vector momentum imbalance in the plane perpen-
dicular to the beam direction is known as missing transverse momentum Er, and its
magnitude is called missing transverse energy. It is an important variable to search
for newly interacting, long-lived particles, including supersymmetry with the predic-
tion of large E7 events. The colliding particles on poorly instrumented regions of the
detector, cosmic-ray particles as well as the beam halo particles cause the artificial
Er. Therefore the reconstruction of E7 plays a crucial role in particle momentum
mismeasurements, detector malfunctions, particle misidentification.

An overview of the CMS HCAL detector components is illustrated in Figure
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[3.9] The HCAL is composed of four distinct subsystems: the barrel (HB), endcap

Figure 3.9. Schematic view of the CMS detector with HCAL components labeled in
y-z projection

(HE), forward (HF), and outer calorimeters (HO). HB and HE are mounted hermet-
ically and placed inside the cryostat of the CMS superconducting solenoid. HB
covers a pseudorapidity range of up to [n| < 1.4, while HE extends the range to
1.3 < |n| < 3.0. The HB is constructed in two half barrel sections HB+ and HB-,
which consist of 36 identical azimuthal wedges aligned parallel to the beam axis. The
brass absorber plates are used to construct the wedges that are segmented into four ¢ -
sectors. The active medium is made of plastic scintillator trays split into 16 n-sectors
and placed between the absorber plates. Within each tile, tiny optical wavelength
shifting fibres (WLS) collect scintillating light and transmit the optical signal to the
readout electronics. These optical signals are digitised by photosensors called Hybrid
Photodiodes (HPD) and afterwards sent to the data acquisition system for event recon-
struction and triggering. The endcaps are attached to the muon endcap yoke and cover
the HCAL barrel part. It has a similar approach as the barrel calorimeter, consisting of
scintillator layers which are interleaved with brass absorber layers The HF are sym-
metrically positioned at each side of the CMS endcap at a distance of 11.2 m from

the interaction point. They cover the forward pseudorapidity region 2.8 < [n| < 5.2
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. Due to being very close to the beam pipe, the HF detectors are exposed to a very
high particle flux. Thus a different detection system is used. The HF is a Cherenkov
light detector made of scintillating quartz fibres, which act as the active medium, and
steel absorbers. When the charged particles pass through the detector, they radiate
Cherenkov light which gets transmitted to the photodetector behind the absorber.

The HF is designed for two main reasons: one is to improve the measurement
of the missing transverse energy, and the other is to identify and reconstruct objects
which do not interact with other detectors, such as very forward jets. The HO is
located between the magnet and the muon system and measures the possible energy
leakage from the HB. It covers the region of 0.4 < |n| < 1.26 and consists of two
layers of scintillator tiles located on each side of the barrel return yoke (YB). HO
has the same principle as HB and HE for production, transmission, and readout of
the light signal. The brass material has been chosen for the absorber of the barrel
calorimeter due to the fact that it is a non-magnetic material and has a maximum
number of interaction lengths for the hadronic showers. The HB is around 89 cm
deep and the total absorber thickness at 90° is 5.82 nuclear interaction lengths (A). At
the edge of the barrel, the interaction length is 10.6 as the polar angle as 1/sin 6.

The total depth of the end-cap region is ten interaction lengths which include the
electromagnetic calorimeter in front of it. The HF acts as an absorber with total depth
165 cm or /= 10 interaction lengths In consequence of using the outer calorimeter as
an additional absorber in front of another 19.5 cm thick iron, the total depth is 11.8

interaction lengths.
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3.3.7. The Muon System

The CMS muon system propose to distinguish muons from hadrons as perform-
ing a fast muon multiplicity count which allows to detect interesting events over very
high backgrounds at the full LHC luminosity, such as the SM Higgs boson decaying
into ZZ or ZZ* and then further into four muons, the decay of new gauge bosons such
as Z' — utu~ with pr > 1 TeV, and the measurement of b hadron decays into J/y
mesons, such as BT —J /wK* and B?—J /yo.

Muons have a long lifetime of 2.2 us in their rest frame, which allows them to
survive up to the outer layers of the detector and a large rest-mass of 105.7 MeV /c?,
enabling them to penetrate the detector material. Furthermore, muons are not strongly
interacting and can cross the full detector and reach the outside of the solenoid without
losing much energy. For that matter, muon chambers are located on the outside of the
experiment. The muon system is dedicated to the muon identification, momentum
measurement and muon triggering. The system consists of three types of gaseous
particle detectors, the Drift Tubes (DT), the Cathode Strip Chambers (CSC) (CMS
Collaboration, [1997), and the Resistive Plate Chambers (RPC) (CMS Collaboration,
2013)) which are interleaved with the iron return yoke as shown in Figure

The muon system is divided into a cylindrical barrel and two planar endcap
regions. The cylindrical barrel part consists of is 250 DTs in four stations, located
inside the magnet yoke. It covers a pseudorapidity range of |n| < 1.2, where the
background levels and muon rates are low and the magnetic field is uniform. Each
DT chamber is mounted between two RPCs in the first two stations (MB1 and MB2),
whilst in the last two stations (MB3 and MB4), each DT has one RPC fixed on the
innermost part of the stations. The drift tube chambers are operated with a Ar/CO,
(85%,15%) gas mixture.

The DT system is made of 12 layers, organized in three groups of four. Each
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Figure 3.10. An overview of one quarter of the muon system. The barrel wheels (in
green) host four DTs, four CSCs (in blue) in the endcap, and RPCs.

three Super-Layers (SL) contain four layers of drift tubes. The two outer SLs have
wires parallel to the beam line which measure the tracking coordinate in the » — ¢
bending plane. The middle group, where the wires are perpendicular to the beam,
measure the tracking coordinate in the z-direction. When a high pr muon crosses
up to six RPCs and four DT chambers, a muon track candidates can be built with
measuring up to 44 produced points in the DT system.

The muon endcap (ME) system consists of 473 CSCs. The cathode strip
chambers are placed in the two muon endcap (ME) regions providing a coverage of
0.9< In| < 2.4, where the particle flux and background levels are high, and the mag-
netic field is large and non-uniform. The CSCs and RPCs are hosted in four stations
in each endcap. The CSC is a trapezoidal multi wire proportional chamber which
contains six gas gaps and operates with a nominal gas mixture of Ar — CO2 — CFy
(40%,50%,10%). Each gas gap consists of a plane of cathode strips and anode wires
running perpendicular to the strips.

When a charged particle traverses the plane of a chamber, a charge on the anode
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wire and an image charge on the plane of the cathode strips is generated. This leads
to a gas ionization and a subsequent electron avalanche. Hence, each CSC measures
the space coordinates (r, ¢, z) in each of the six layers.The wires measure the beam
crossing time of muons of 4.5 ns while the position measurement is made by deter-
mining the centre of gravity of the charge distribution produced on the cathode strips
with a spatial resolution of about 200 um and around ten mrad angular resolution.
The RPCs are gaseous parallel plate detectors which operate in avalanche mode
with readout strips in between and contain a non-flammable gas mixture of CoHs F)y or
i-C4H10. The RPCs are mounted in both the barrel and endcap regions. They cover
a pseudorapidity range of [n| <1.6. There are six layers of RPCs embedded in the
barrel muon system, where two layers are located in each of the first stations and one
layer in each of the last two stations. The RPCs are attached to the DTs in the first
two stations, where the RPCs provide the trigger algorithm for low pr muons. In
the endcap region, RPCs are located in each of the first three stations and positioned
parallel to the CSCs in order to reduce background by using coincidence triggers
between the stations, as well as improve the time resolution and to achieve a good pr
resolution. RPCs has a good time resolution of 3 ns with a precise assignment of a
muon track to the correct bunch crossing while the space resolution is of the order of

1 cm.

3.3.8. The CMS Trigger

Besides the detection and energy measurement of particles, another challenge
is the processing and filtering of the large volume of data coming from the particle
detectors At the LHC design luminosity of 103*cm=2s~1, bunches of protons collide
at a rate of 40 MHz, which leads to 10 interactions per second. Since it is technically

impossible to store such amount of data, pre-selection needs to be applied to select as
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many of the interesting physics processes as possible and maximise their rate. Hence,
two staged filter mechanisms are applied in the trigger system, which is a hardware-

based Level 1 (L1) trigger and software based High-Level Trigger (HLT).

3.3.8.1. Level 1 Trigger System

The L1 trigger is designed to reduce the initial 40 MHz input to about 100
kHz within a period of 3.2 us. The L1 trigger system has local, regional and global
components which are operating in sequential order. The Local Trigger called Trig-
ger Primitive Generators (TPG) is based on high energy deposits in the calorimeter
system, and high momentum charged tracks in the muon system. Regional Triggers
combine the information coming from HCAL and ECAL detectors in order to deter-
mine electron/photon candidates. The Global Calorimeter Trigger (GCT) and Global
Muon Trigger (GMT) identify jets, the total transverse energy, the missing transverse
energy, highest rank isolated and nonisolated objects and transfer them to the Global

Trigger (GT). The data flow of the L1 system is shown in Figure[3.11]

Level-1 Accept

I

| Global Trigger |

/\

| Global Muon Trigger | | Global Calorimeter Trigger ‘
L. | N i
md‘n;-u-:)mwc;cnder | Regional Calorimeter Trigger ‘
1 T | e
Local Local | Trigger Primitive Generator ‘
DT Trigger CSC Trigger T
P 11

DT csc RPC ECAL HCAL HF

Figure 3.11. Architecture of the CMS L1 Trigger

All three subsystems (DTs, CSCs and RPCs) take part in the muon trigger sys-

tem. The barrel DT chambers provide track segments in the - projection and hit pat-
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terns in the -projection, The endcap CSCs deliver track segments in three dimensions.
The CSC and DT track finders calculate the transverse momentum, position, and qual-
ity of a track segment. Moreover, RPC trigger chambers provide an estimation of the
pr value which is extracted from regional hit patterns and send them to the GMT. The
GMT receives pr, charge, position and quality of pattern matching information for
every muon candidate from DTs, CSCs, barrel and endcap RPCs. The GT collects
all the information of trigger objects delivered by the GCT and GMT to accept or
reject an event based on simple algorithmic criteria such as the object multiplicities
exceeding certain values. If the collision event is considered interesting by the GT, it
distributes a Level-1 Accept (L1A) decision to the individual sub-detectors in order

to begin the Data Acquisition (DAQ) read-out of the event.

3.3.8.2. High Level Trigger System

The full detector information for an event (~1.5 MB) which is accepted by the
L1 trigger system read out by the CMS DAQ system and transferred to the event filter
farm as the HLT input. The HLT is purely based on software algorithms running on a
large cluster of computers which is called the Event Filter farm (EVF). The L1 output
of 100 kHz is reduced to 1 kHz by HLT farm for offline processing and storing.

In order to efficiently process events, the HLT focuses on the reconstruction
of the minimum amount of detector information needed to apply a set of selection
criteria to reject background events and keep the desired physics events for further
processing. The reconstruction and selection in the HLT are performed in two level.
Level 2 is the first selection step in the HLT process. It uses only information from the
calorimeter and muon detectors. In contrast, Level 3 uses of the full information from
all tracking detectors. The HLT is configured to trigger events according to a set of

trigger menu. Each HLT menu consists of a list of trigger paths which have a specific
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trigger object selection with kinematic cuts. For example, studies of bottomonium
(bb) states such as B hadrons decaying into a J/y (J/y — uTu~) , a set of unbiased
trigger with loose muon selection criteria is provided. When an event is flagged one
of the HLT trigger menus, the reconstructed physics objects are written along with
the raw data file in ROOT format (Antcheva, 2009)) and then the files can be used for

offline physics analysis.
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4. ANALYSIS OF THE DECAY B? — J /y

This analysis is present the measurement of the differential cross sections and
the nuclear modification factor for exclusive final state of BY — J /yo in pp and PbPb
collisions at the center-of-mass energy /s = 5.02 TeV and in the rapidity range |y| <
2.4 with the CMS detector at CERN LHC. The production cross sections are measured

in the pr range between 7 and 50 GeV/c.

4.1. Data Samples
The data samples used in this analysis were recorded by the CMS detector in pp

and PbPb collisions at /syy = 5.02 TeV during 2015. The pp dataset corresponds to
an integrated luminosity of 28 pb—! and PbPb datasets corresponds to 351 mb~! (Lu-
jan, 2018). In order to perform this analysis, the dimuon primary datasets were used
for both pp and PbPb collisions. The list of datasets are shown in Appendix

To assure the data quality the JSON (JavaScript Object Notation) files are ap-
plied for each data samples. The used JSON files is defined for both pp and PbPb in
Appendix

The events in this analysis are selected with a trigger containing two indepen-
dent muon candidates. There is no selection applied to momentum or pseudo-rapidity.
Several offline selections are implemented for each event due to derive pure collision
events. At least one reconstructed primary vertex is needed for both pp and PbPb
events. The primary vertex is constituted two or more associated tracks. In addition,
it is necessary to have a distance from the nominal interaction region of less than 15
cm along to the beam axis and less than 0.15 in the transverse plane. In terms of fil-
ters which are used in this analysis, a scraping filter is applied for pp while a cluster
compatibility filter is used for PbPb analysis. The detailed information of these filters
can be found in Section 2.2 of (Dogra et al., 2017).
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Besides, an additional selection of hadronic collisions is performed. It is re-
quired that a coincidence of at least 3 HF calorimeter towers from the HF detectors

on from sides of the interaction point with more than 3 GeV of total energy.

4.2. Simulated (MC) Samples

In order to validate the analysis technique, the official pp and PbPb samples
were generated, simulated, and reconstructed by using official CMS simulation pro-
ductions. The simulated BY samples allow to determine the signal reconstruction
efficiencies, evaluate systematic uncertainties and estimate the background compo-
nents in the signal mass window. PYTHIA8 Tune CUETPMS (pythia; Field, [2010)
generator was used to generate the signal (BY) at 5.02 TeV, by implemented inclu-
sive (all quark/antiquark besides gluon initiated) QCD process, such as gg — gqq and
g¢ — qq. At the EVTGEN stage, only signal events were stored with at least one
BY which is forced to decay exclusively J/w¢, with requirements on their total mo-
mentum pr > 5.0GeV /c, and pseudorapidity |n| < 2.4. Moreover J/y forced to
decay into dimuon channel to have a pair of oppositely charged muons and ¢ me-
son forced to decay in the two kaons. The final state radiation (FSR) were generated
with EVTGEN through PHOTOS package (Barberio and Was,|1991)). In terms of the
PbPb samples, for prompt and non-prompt J /W MC, the selected B hadrons PYTHIAS
events were embedded into a PbPb background simulated with HYDJET (version 1.8,
tune”Drum”) (Lokhtin and Snigirev, [2006) and for BY signal MC, they were tuned
”Cymbal5Ev8” (Lokhtin:2005px) event generator. About fifty thousand events in
both signal and embedded samples are generated in 5 pr bin interval with bound-
aries of [0,5,15,30,50 GeV /c]. The events are reconstructed in the CMS software
with release CMSSW_7 5 8 patch3 and tagged as 75X _mcRun2 Heavylon v13 for

PbPb, and 75X _mcRun2_asymptotic ppAt5TeV_v3 for the pp samples. A significant
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amount of events have been generated by forcing one of the b-quarks to hadronise as a
BY or E? meson and decay into BY — J/wé where ¢ — K™K ™. In order to determine
the peaking background appearing in the yuKK mass spectrum, the inclusive non-
prompt J/y samples which contain several different B mesons decaying into J/y
channels, were also produced. The produced signal, prompt and non-prompt MC

samples datasets names for pp and PbPb are listed in Appendix

4.3. MC Reweighing

The aim of the reweighing is to alter the obtained distribution of the events from
MC to describe the data distribution. It provides us to isolate the problems caused by
generation or simulation. Noted that reweighing should not affect the normalisation
of MC which is generated with a specific number of events plus accurate cross section.
BY pr spectrum obtained from MC samples are required to reweigh for both pp and
PbPb collisions for matching the one calculated from FONLL. In the left panel of
Figure presents the BY pr spectrum derived from MC simulations, in the middle
panel shows the comparison of the results obtained from FONLL calculations at 5.02
TeV. The ratio between FONLL and the MC distributions represented in the right
panel of the same figure. The weight function was derived by fitting with a 2nd order

polynomial. Same calculations is done for PbPb MC simulations and it is shown in

Figure f.2]
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Figure 4.1. B? pr spectrum in pp MC simulations (left panel) compared to the one
calculated from FONLL (Fixed Order Next to Leading Logarithms) at
5.02 TeV (middle panel). The ratio between MC and FONLL
distributions with fitting a 2nd order polynomial function (right panel).
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Figure 4.2. B pr spectrum derived in PbPb MC simulations (left panel) compared
to the one obtained in FONLL calculations at 5.02 TeV (middle panel).
Ratio between the MC and FONLL distributions, fitted with a 2nd order
polynomial function (right).

Additionally, PbPb MC simulations are reweighed to have a good agreement

with the centrality distribution in data. The centrality distribution of the MC simula-

tions and data is compared in the left panel of the Figure[d.3] On the x-axis, each unit

(HiBin) corresponds to 0.5% centrality. The ratio between the centrality distribution

from MC and data is represented on the right panel of the figure.

The weighting function is derived by fitting the ratio of the Data and MC dis-
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Figure 4.3. (Left) Centrality distribution of MC (red) and data (black) in PbPb
collisions in the centrality interval 0-100%. (Right) Ratio between the
centrality distribution of data and MC fitted with a exponential function.

tributions with using the following function:

plepg (centrality—ps3))P4 (41)

where p1, pa, p3, p4 are the fitting parameters. Besides, having the pr shape and
reweigh the centrality as above, the Minimum Bias (MB) samples are embedded for
the PbPb signal MC samples (with Cymbal5Ev8 tune) with an offset in the primary
vertex z position (PVz). Detailed information for re-weighting procedure has been
conducted by the HighPt group and presented inthttps://twiki.cern.ch/twiki/
pub/CMS/HiHighPt2017/170426_ZVertexWeightForMC. pdf.

The signal BY for PbPb MC samples are re-weighted with the same procedure
and the results are presented in Fig. On the left panel, after the re-weighting, the
MCPVz distribution is shown with red markers while PbPb data is indicated in black.
The right plot shows the ratio between MC and data. According to the ratio plot, a
good agreement is observed between MC and data. However, the absolute value of
V position is not finely tuned in this analysis. Because the B reconstruction relies
on the relative distance between PV and BY reconstructed vertex (presented in the
following section). Hence, this effect is estimated by removing the re-weighting and

calculated difference is only 1.3%. The results are derived with using MC samples
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Figure 4.4. BY primary vertex z position (PVz) spectrum in PbPb MC simulations
after applying the official re-weighting procedure (red marker)
compared with PbPb data (black marker) at 5.02 TeV (left panel). Ratio
between the MC and data distributions (right panel).

after applying the official re-weighting procedure with respect to the pr shape of pp
and PbPb, PVz of PbPb and centrality for PbPb.
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4.4. B meson Reconstruction and Base Selections

4.4.1. B meson reconstruction

The goal of this section is to determine a set of criteria to minimise the back-
ground and maximising B? signal events as much as possible. The identification and
the optimization of the selection criteria is studied using MC samples. Regarding
to possible systematic conflict with data and MC samples, the event selection has to
be consistent. The selection of B meson candidates is based on the determination of
J/w — utu~ and ¢(1020) — KTK~ decays. BY generation and the decay chain is
represented in Figure

Figure 4.5. The schematic view of BY generation decaying in the channel
BY = J/yo — utu KTK~

The schematic diagram of the workflow in Figure explains the selection

criteria and steps in order. The selections start from muons and tracks and follow with
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BY meson candidates selections. All muons and tracks have to pass the several quality

selection criteria which are defined in Section and in Section

All Muons Tracks
Muon Selection Track Selection

Selected muons Selected Tracks

!

’

Opposite charged pair Kaon mass assignment to tracks
Kinematic constrain vertex filter (KCVF} | Opposite charged pair
Without mass constraint Kinematic vertex fitter
Jhp candidate ¢ candidate
Jhyp Selection ¢ Selection
Selected Selected

candidate

B+ meson selection

candidates
Figure 4.6. Schematic diagram of the B meson reconstruction work flow

The J/y candidates are reconstructed with vertexing oppositely charged muon
pairs, using kinematic constrained vertex fitter. ¢ meson candidates are reconstructed
using the vertexing procedure in the same way as J/y candidates. Lastly, a kinematic
fit to the J /yw-K+tK ™~ decay is applied with forcing the di-muon pair mass to be equal
to the nominal J/y mass depend on PDG. (P. D. Group, 2014).

4.4.2. Muon and J /v selection

The muon candidates are selected in accordance with the hybrid-soft muon se-
lection which is evolved for the muon analysis on 2015 with 5.02 TeV data (Heavy lon
Group, 2016)). It is based on the soft-muon ID (which is developed in the BPH group)
with two modifications; first, the purity selection is removed and second, the muon
is required to be also global. The hybrid-soft muon selection contains the following

cuts,
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« it must be GlobalMuon and TrackerMuon;
¢ GoodMuon> 0;

* transverse impact parameter Dy, < 0.3;

* longitudional impact parameter D, < 20;

¢ nPixWMea > 0 and nTrkWMea > 5

where nPixWMea and nTrkWMea are the number of pixel layers and strips with eli-
gible hits, crossed by single muon track. Furthermore, muons are requested to fulfill

kinematic acceptance selections which are shown in Table

Table 4.1. Muon Acceptance

Pr Eta ()
Pr > 3.5GeV/c InH| < 1.2
Pr>(5.77—1.8x n¥|) GeV/e | 1.2 < |nH] < 2.1
Py >1.8GeVic 2.1 < 0¥ < 2.4

This single muon selection is determined to assure a reasonable reconstruction
above =~ 10% and trigger efficiency for the selected muons (CMS Heavy lon Group,
2016b)). In addition to that quality selections, the following criteria are performed for

a muon pair candidates:

* The two muons must have opposite charges;

* Di-muon invariant mass has to be within 0.15 GeV mass window width from
Particle Data Group (PDG) J/y mass.

* probability of the two muon tracks which is derived from the same decay vertex

must greater than 1 %.
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4.4.3. Track Selection

The ¢ — KK decay candidates are reconstructed from pairs of oppositely
charged tracks. The silicon tracker detectors require having at least four hits pat-
tern from each track. However, CMS experiment does not have a qualified track
identification system to separate pions from kaons. Therefore all measured tracks
have to be considered as possible kaon candidates. The invariant mass of a track pair
are required to be consistent with ¢ meson is known mass (M¢ = 1019.455 £ 0.020
MeV /c?, Nakamura et al. (2010)). The tracks were selected corresponding to the

following criteria:

* GeneralTracks passing High Purity (HP) selection;
* N <2.4and pr > 0.5GeV/c for pp and pr > 0.8 GeV/c for PbPb; these selected

variables are used as a preselection for the further cut optimization.

HP Tracks: it is a subset of tracks derived with tight selections and low fake rate.
The fake rate is the fraction of reconstructed tracks which are not associated with
charged particles. The high purity tracks selection is based on the number of layers
have at least one hit and the maximum number of tracker layers with no assigned
hits. In addition, the track fit yielded with good %?/Ndof is also imposed for the
HP selection. The detailed information of the high purity selection can be found in

(Chartchyan and other, 2014).
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4.4.4. B Meson Selection

Very loose selection cuts are applied to the BY and ¢ meson invariant mass win-
dow before the vertex fitting. These lose selections provide to increase the process-
ing speed of vertex fitting by extracting unnecessary candidates. The J/y candidate
is combined with ¢ candidate to form BY meson candidate. The daughter particles,
two muons and two kaons, are required to be originated from a common vertex. In
order to have a precise reconstruction of the BY decay vertex, a kinematic vertex fit
is used where the dimuon invariant mass constrains to the nominal J/y mass. The ¢
meson invariant mass width in signal MC is of order 0.01 GeV /c?(see Fig. . The
observed B! invariant mass differences are of order 0.2 GeV /c? before and after the

vertex fitting.

* Track pair invariant mass be within 0.015 GeV /c? around the ¢ meson PDG
mass (1.019455),

+ BY candidate invariant mass between 4.5 to 6.5 GeV/c2.

Consequently, these selections are loose enough in order not to affect the offline anal-
ysis. After passing the all analysis selections (which is discussed in the next section),
the J/y and ¢ meson mass spectra for MC and data in pp analysis is shown In Fig-

ure For PbPb MC and data, J/y and ¢ meson mass spectra is represented in
Figure[4.8]
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Figure 4.7. The left top refers to J/y mass spectra from pp MC and bottom left for
pp data while right plots show the ¢ meson mass spectra from top to low
pp, MC and data, after all the analysis selections.
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Figure 4.8. The J /vy (left) and ¢ (right) meson mass spectra (after the all analysis
selections) for MC (top) and data (low) in PbPb analysis
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4.4.5. Trigger Selection

A two-stage trigger system provides the events selection in this analysis as of
hardware (L1) and software (HLT) based and uses the muon, calorimeter, and tracker
detectors. A hardware-based stage selects the events contains a single muon or a pair
of muon candidates with high transverse momentum. The software trigger confirms
the hardware trigger decision and collects the events requiring the presence of two
independent muon candidates at the HLT without applying explicit momentum and
pseudorapidity threshold. The muon trigger at L1 uses three muon system, DT, CSC
and RPC and contains local, regional, and global trigger components. Barrel DTs pro-
vide the local trigger information with track segments in the ¢ projection and with hit
patterns in the 1 projection. DT and CSC track finders constitute the regional muon
trigger. They provide to join the segments in order to complete tracks and assign phys-
ical parameters to them. The RPCs have sufficient precision for triggering purposes
and deliver their own track candidates based on regional hit patterns. The informa-
tion from the DT, CSC and RPC trigger is processed by the Global Muon Trigger
(GMT). Each system provides the information independently which contains muon
position, momentum and quality. Therefore the GMT can achieve optimum control
of efficiency and rate. The trigger efficiency is related to the transverse momentum

of the BY candidates and defined as:

N, (p 0)

B? trg 3

8(pT ) - Tg?
]Vgen(pf )

(4.2)

where Ny, is referred to the number of events passing the trigger in the given pr bin,
and N, is the number of events generated in the same pr binrange. The selected trig-
gers need to provide the highest signal efficiency and the highest possible background
suppression. The best four trigger candidates then sent to HLT for further processing.

HLT trigger system performs in two main steps as of level-2 (L2) and level-3 (L3).
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L2 builds tracks from patterns of DT and CSC segments in the muon system, and L3
reconstruction builds a seed for the tracker reconstruction starting from the L2 infor-
mation. Muon tracks at L3 are reconstructed using data from the silicon tracker. The
reconstruction is performed using only pixel and strip hits. The final selection relies
on the transverse momentum measurement of the muon candidates at L3. The data
used in this analysis were collected with HLT DoubleMuO trigger path which is a
double muon pass-through trigger, with at least two muons identified without any pr
requirement and the dimuon invariant mass interval between 2 and 4 GeV /c?. The
list of selected dimuon trigger paths with corresponding luminosities are presented in
Table4.2]

Table 4.2. List of datasets (both pp and PbPb) and HLT triggers with related
integrated luminosities used in the BY — J/w¢ analysis.

Sample Primary dataset HLT Trigger Luminosity
pp /DoubleMu/Run2015E-PromptReco-v1/A0D HLT_HIL1DoubleMuO_v1 27,7017/?’1
PbPb HiOniaL1DoubleMuO/HIRun2015-PromptReco-v1/A0D HLT_HIL1DoubleMuO_v1 135.64mb !

PbPb HiOniaDoubleMuOB/HIRun2015-PromptReco-v1/A0OD | HLT_HIL1DoubleMuO_parti_vi | 71.71mb~!
PbPb HiOniaDoubleMuOC/HIRun2015-PromptReco-v1/A0D | HLT_HIL1DoubleMuO_part2_vi 71.67mb~!
PbPb HiOniaDoubleMuOD/HIRun2015-PromptReco-v1/A0D | HLT_HIL1DoubleMuO_part3_v1 71.67mb~!
PbPb Combined All 350.68mb !

During the data taking period in 2015, the pp HLT trigger paths were un-
prescaled, whereas PbPb HLT trigger paths were prescaled with different values in
different runs. The detailed information of the complete dimuon dataset and HLT
triggers is presented in (CMS Heavy lon Group, 2016a). Due to the limited band-
width of the trigger system only a fraction of the muon candidates are kept which is

called pre-scaling.
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4.5. BY meson Selection Optimization

BY resonance in the pp data is observable by applying the selection criteria ex-
plained in the previous section while the situation is dramatically different for PbPb
data due to having the significant number of combinatorial background. Therefore,
a multivariate analysis (MVA) was performed to separate the BY signal from back-
ground and reconstruct an observable resonance in the BY mass spectrum for PbPb
collision data. Besides, even for pp analysis, it will help to decrease the statistical
uncertainty associated with the fitting performance in the mass spectrum. The fit-
ting performance is related to both signal and background determined in the mass
spectrum. Thus, MVA analysis can provide to find proper selection criteria that are
optimised for this purpose. Consequently, MVA analysis is conducted for both pp and
PbPDb collision data with applying several variables selections on related tracks and
BY decay chain to decrease the combinatorial background which is caused by random

combinations of tracks and muons.

4.5.1. Cut Optimization

The optimisation procedure is based on the maximising the statistical signif-
icance of signals with reasonable high signal efficiencies over the background. For
the cut optimisation, we conducted the TMVA method (Toolkit for Multivariate Data
Analysis with ROOT) (Hoecker et al., 2016) which provides for determining the opti-
mum cut values for some variables to reach the highest signal efficiency by reducing
the background. There is a different type of techniques in TMVA method consists of
different classifiers. In this analysis, the BDT (Boosted Decision Trees) approach was
chosen which shows the highest signal efficiency over background by comparing the
ROC (Receiver Operating Characteristic) curve (background rejection versus signal

efficiency) with the other classifiers including MLP (Multilayer Perceptron) from the
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Artificial neural network (ANN). The signal is described as reconstructed candidates
matched with the generated signal in MC samples. To define the background, the re-
constructed candidates from outside of the signal region (in the sideband) (0.2GeV/c?
< |Mp, — MEPY| < 0.3 Ge V/c?) of data sample are used.

In our case twelve variables are considered for BDT method:

« track pr: the transverse momentum of the K+ and K~ track

* |track M|: the pseudorapidity of the Kt and K~ track

» normalized track Dxy: the normalized transverse distance between the K+ and
K™ track to primary vertex

* normalized SV (Secondary Vertex) PV (Primary Vertex) distance: the distance
of primary and BY vertex normalized by its uncertainty

* ap angle: the angle between BY meson displacement and BY meson momentum

* track pair invariant mass: the absolute difference between the invariant mass
of the track pair (which form ¢ meson candidate) and PDG mass of a ¢ meson

+ 2D normalised SV and PV distance: the distance between primary and B? ver-
tex normalised by its uncertainty in the transverse direction

* cosine Op angle: the cosine of the angle between B meson displacement and
BY meson momentum in the transverse direction

» vertex fitting probability: the %2 value of the vertex fitting

The comparison of the distribution of the variables used for BDT training between
data and MC for pp analysis is presented in Section4.6.1.

The TMVA optimisation procedure is fulfilled by using two BY p7 binning of
7 to 15 GeV/c and 15 to 50 GeV/c for both pp and PbPb samples, separately and
individually. The reason for using different py binning is to distribute the statistic

evenly in each bin. The independent optimisation is performed for the number of BY
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pr bins times 2, pp and PbPb. In Appendix [A] the correlation between the variables
selected for MVA training for both pp and PbPb analysis are shown in Fig. and
Fig. respectively.

The optimum cut values definition is based on the maximizing the significance

using signal MC and the background expectation.

(4.3)

Significance = S
VS+B
Where S the number of signal and B is the number of the background in the signal
region which is defined as |[Mp, — M gf) G| < 0.08 GeV/c?, after applying optimum cut
values. The signal optimal cut efficiency is calculated with the following equation.

/

E f ficiency = Sg 4.4

where,

+ § =5 x (signal optimal cut efficiency), where S’ is the number of signal in
signal region before optimal cuts applied.
* B=B' x (background optimal cut efficiency), where B’ is the number of back-

ground in signal region before optimal cuts applied.

The number of the signal in the signal region before applying optimal cuts (5'), is de-
termined by FONLL calculation multiplied by pre-filters efficiency and acceptance
using MC samples. Outside of the signal region, the number of the expected back-
ground B is evaluated by linear interpolation using the number of candidates in side-
band.

In Appendix (B} the distributions of the input variables used in each MVA train-

ing are represented in Figure to Figure The significance \/5% as a function
of BDT for pr range 7 to 15 and 15-50 GeV//c is presented in the Figure to Fig-
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ure for pp and PbPb collisions data, respectively. As a result, the final optimal
selection values are summarized in Table[4.3] for both pp and PbPb collisions.

Table 4.3. Selection criteria in pp and PbPb analysis

pr (GeV/e) 7-15 15-50

pp BDT | >0.191055 | 0.208973

PbPb BDT | > 0.213755 | 0.254413

4.5.2. Check on prompt MC sample

The direct production of J/y mesons plays a vital role to determine the back-
ground at the trigger level. It can be formed as results of cc bind states emerging from
the parton interactions and radiative decay of high energy excitation states. Because
of the production and decay very close to the collision point these J/y mesons are
known as prompt. We need to examine the determined BDT optimum cut value if
it causes the artificially induced bias in the mass spectrum. Such as, it is resulting
in reducing the candidates in the sideband region while increasing them in the signal
region without the presence of a real signal. For this study, the prompt J /yy MC sam-
ples are used due to fact that prompt J/y and random track pairs constitute most of
the combinatorial background in the BY mass spectrum. The same kinematic crite-
ria which applied to the signal and background simulations were implemented to this
prompt J/y samples. The resulting mass spectra is checked by applying different
BDT cut values. BDT values scan from the default cuts as in Table through from
minus 0.2 for 3 steps such as from 0.19,-0.01, -0.21, and -0.41,for both pp and PbPb
collisions in py range 7-15 and 15-50 GeV /c. The resulting plots are represented in

Appendix [C| from Figure to Figure Meanwhile, it is noted that the used
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PbPb MC is merged with the various MC samples with different J /y pr, but for pp,
a single sample is used. The individual PbPb J/y pr samples results also plotted and
the results can be found in Appendix [F| The base idea is to check the structure of the
spectrum,and J/y pr relevance is very little. However, this is checked by using the
pp J/y which is produced the BDT discriminant value trained in PbPb data and the
resulting plots are represented in Appendix |[C| with Figure and Figure |C6.

As a consequences, the mass spectrum is smooth and continues as expected.
There is no artificial peaking or dipping structure in the signal or side band region
where the MVA only have information about candidates. In case of the MVA result
had a bias or over fitting, then there will possibly be some unusual structure in the
spectrum that consists of the only background. For example, a complex decision tree
structure resulted in only selecting candidates with an invariant mass in the signal
region and rejecting candidates in the side band region without considering whether
it is a signal or not. Furthermore, if MVA has a bias, there will be a gap between the
determination of the signal and side band region and should end up an unexpected
structure for candidates in this gap region. Consequently, there is no obvious bias

introduced by the BDT discriminant obtained from the cut optimization procedure.
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4.6. MC-Data Comparison

4.6.1. Comparison of B candidate properties in between data and MC

The differences between data and MC distribution of the variables which are
used for the BY signal selection can cause the biases in the detector efficiency correc-
tions. Hence, the idea is to compare the distributions of the variables between data
and MC samples. In order to derive the signal distribution, the B? yields are extracted
in associated with the different selection variables by performing the standard selec-
tion criteria in the main results. For a meaningful comparison between data and the
MC, the distributions are normalised to unity. The comparison distributions of vari-
ous variables for pp collisions are presented in Appendix [D|with Figure[D1.] and
The same study could not be performed for PbPb collisions, in consequence of
having very limited BY statistics. However, to compare the PbPb data and MC, the
PbPb BDT value is generated by using pp MC and data samples. The resulting plot
is also can be found in Appendix [D]with Figure

In addition to the comparison between MC and data, the variables distribu-
tions are also compared between pp and PbPb MC samples which are represented in
Appendix [D|from Figure to Figure

Consequently, the comparison of different B meson variables between either
MC and data or pp and PbPb MC samples indicate reasonably similar distributions

with each other.

4.7. Extraction of Signal

The BY invariant mass distribution is measured in transverse momentum range
between 7 and 50 GeV/c. The B? meson yields in each Pr interval are extracted
by fitting procedure using the RooFit package. The extended unbinned maximum

likelihood fit was considered for BY invariant mass spectrum. The fit functions used
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for this analysis contain the following components:

* A double Gaussian with same mean but different widths: In order to model
the BY — Jyo signal shape, a double Gaussian with same mean but different
width function is used. This model was used instead of a single Gaussian or
a Breit-Weigner function because it demonstrated a better signal shape in MC
simulations.

* A linear function (1st-order polynomial): To describe the combinatorial back-
ground a linear fit function is used. The combinatorial background is domi-
nated by inclusive J/y production with tracks which are not originating from

a B meson, but constitute an invariant mass in the B-meson mass range.

There is additional background based on misreconstructed b hadron decays which
can generate peaking structures in the B-meson mass region in B analysis. This
study is done by using non prompt J/y MC samples. After applying optimal cuts
, it indicates that the contribution of peaking background is negligible comparing to
the BY signal. This is mainly resulting from the narrow natural width of the ¢ meson
which eliminates the most of the fake track pair background with logical cut. The
Non Prompt J /y peaking background is explained in The fit process for the

signal and the background components can be defined as follows:

* Start with performing a double Gaussian fit function to the MC invariant mass
distribution of BY signals.

» After deriving the fit function using the MC samples, the fit is applied to data
mass spectra. The widths of the Gaussian signals is set to be equal to the one
estimated in MC, together with the relative proportion of the two Gaussian.

The free parameters of the fit to data are determined as the combinatorial back-
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ground components and the mean of the signal Gaussian.

The invariant mass spectra derived from BY pr 7 to and 15 to 50 Geve Pr and |y| < 2.4
intervals in the pp and PbPb analyses are represented in Figure and Figure
The invariant mass range determined between 5 to 6 GeV/c? for the fits. The error
bar related to each data point is only for illustration purpose because an unbinned
maximum likelihood fit for statics error is a different approach. In other words, the
likelihood fit concept itself designate the statistical uncertainty. The represented er-
rors correspond to Poisson error with Neyman construction (the frequentist confi-
dence interval construction). This error calculation method is recommended by CMS

Statistics Committee.
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Figure 4.9. Invariant mass distribution and fit of BY candidates obtained in pp

collisions in the py interval between 7 to 15 GeV/c and 15 to 50 GeV/ec.

The red line shows the complete fit function, and the orange dots

indicate double Gaussian signal component and blue dash line refers the

combinatorial background.

The available statistic in pp analysis can provide a finer differential py binning.

The resulting mass spectra in the pp analysis, for 3 pr intervals from 7 to 15, 15 to
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Figure 4.10. Invariant mass distribution and fit of B! candidates obtained in PbPb
collisions in the pr interval between 7 to 15 GeV/c and 15 to 50 GeV/c.

20, and 20 to 50 GeV/c are represented in Figure The Table summarize

the resulting significance, normalized x> and obtained yields for both pp and PbPb

collisions and BY pr bin intervals. The significance is determined as the S/+/S + B

within a 0.05 GeV mass window around the signal mean. The %2 is considered as

the Baker and Cousins definition (Baker and Cousins,|1984) that is the recommended

method by the CMS Statistics Committee (Statistic Committee, 2018]). While the

fitting applied on the mass spectra was an unbinned fit, x> was determined in a binned

histogram. Thus the %2 performs as a goodness of fit test (not the FCN function that

was being minimised in the fitting).
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Figure 4.11. Invariant mass distribution of BY candidates obtained in 3 pr intervals
between 7 to 50 GeV/c in pp collisions .
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Table 4.4. Summary table of Significance, x> divided by degree of freedom after the
fitting, and fitted yield for each B p7 bins for both pp and PbPb collisions.
y | (7.15) | (15,50) | (15,20) [ (20,50) |

Significance

pp 8.6 7.9 5.5 5.7
PbPb 2.6 3.0

22

pp 1.8 0.97 1.1 0.80
PbPb 0.86 0.95
Yield

pp 93 79 38 42
PbPb 9.0 11
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4.7.1.

The raw B? yields obtained from MC are corrected for the acceptance and se-
lection efficiencies and also compared with the generated BY yields. Hence the yield
extraction procedure can be validated. The mass spectrum obtained from the signal
MC are represented in Figure The ratio of the corrected over generated yields
as a function of py in pp and PbPb analysis are shown in Figure Consequently,

this study shows that the results are in a good agreement with unity within uncertain-

Closure test of the fitting procedure

ties.
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Figure 4.12. The mass spectrum obtained from the signal MC for pp (upper) and for

PbPb (lower) are represented.
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test for MC for the pp analysis (left) and the PbPb analysis (right).
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4.8. Fit Results Examinations

4.8.1. Toy Fit Study

In order to be ensure our fit results are stable, the toy study is performed. 5000
toy data were generated using the fit function from our nominal results showed in
Figure[.9] and Figure[.10.] which is mentioned in the section4.7] Following that the
fit was applied to each toy data and then the fit parameters with its error were collected.
For each parameter a pull distribution was generated by taking into account of the
normalized distinction between the nominal parameter value and the fitted value for
each individual toy. The RooMCStduy module in Roofit was used to perform whole
procedure. As a result of toy study, for the pp and PbPb a pull distribution, the mean
parameter which is the mean value of the double Gaussian and the parameter errors
are represented in Figure and Figure Due to lack of the data statistics the
PbPbs spectrum has some fluctuation. In spite of that the width of the fitted Gaussian
is very close to unity for both pp and PbPb which is expected for a standard pull

distribution.
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Figure 4.14. Toy study for parameter mean for pp analysis. The fitted values are
shown on the top left panel while top right panel presents the parameter
errors. Bottom left located for a pull distribution. A Gaussian fit is
applied on this distribution. Bottom right plot shows the likelihood
value of each fit.
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Figure 4.15. Toy study for parameter mean for PbPb analysis. The fitted values are

shown on the top left panel while top right panel presents the parameter
errors. Bottom left located for a pull distribution. A Gaussian fit is
applied on this distribution. Bottom right plot shows the likelihood
value of each fit.
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4.8.2. Hypothesis testing

The hypothesis testing is performed to determine which parameter of interest
is the signal yield. The null hypothesis associated with background only (zero signal
yield) hypothesis. The alternative hypothesis compatible with a signal yield equals to
the fitted signal yield in the nominal result which is summarized in Table The
RooStat package was used to evaluate this procedure. The test statistic considered
here is profiling likelihood ratio with frequentist calculator for handling the nuisance
parameters. For each hypothesis, 50000 toys are generated. The Figure repre-
sents the test statistics distribution and the Table summarise the corresponding

null p-value, significance, and CL quantities.

Table 4.5. Summary table of null p-value, significance, CLy, CLg, and CL;
null p-value | significance CL, CLs1p CL;

pp 0 inf 0 0.39412 inf
PbPb 0.00096 3.10234 0.00096 | 0.45772 | 476.792
= — SbHypo L — SbHypo
E — BHypo 1 0_1 L — BHypo
— test statistic data E — test statistic data
107" E i
: 102 \E
102 r \!
107 \
0%, 1 ] L1 Tmmmwmmj\ SN
-100 -50 0 50 100 -80 60-40-20 0 20 40 60 80
Profile Likelihood Ratio Profile Likelihood Ratio

Figure 4.16. The test statistics distribution for null (red) and alternative (blue)
hypothesis for pp (top) and PbPb (bottom).
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4.9. Acceptance and Efficiency
In order to find the acceptance (denoted as o) and the reconstruction selection
efficiency (denoted as €) of BY — J/y + ¢ decay, the MC simulation is used. This
process aims to estimate the sensitivity for this decay in the data. By the acceptance
and the efficiency, the number of recorded events in the detector is reduced. Some
events cannot be recorded because they can slip through the blind spots of the detector,
due to the coverage of the detector is not 100%. Hence the acceptance of detector
plays a vital role in event loss. The acceptance and efficiency corrections are extracted
in each pr and |y| interval using a sample of signal decay generated. The definition

of efficiency is:
NE:

mc,reco
B, 4.5)
N, mc,gen

where the denominator is the number of generator level signal events in the given

ehs =

pr-|y| interval that passes kinematic selections and the numerator is the number of
signal events reconstructed in the same pr-|y| interval that pass all offline selection
requirements. The definition of acceptance is :

NBs . (with kinematic cuts)

B, __ 'mcgen (4 6)
B. .
NmE,gen

where the denominator is the number of generator level signal events in the given

(0

pr-|y| interval, and the numerator is the number of generator level signal events pro-
duced in the same pr-|y| interval that pass all kinematic cuts.

The studies based on the signal-only sample for pp while the embedded signal
samples for PbPb. In this section, o and € will be represented individually for both pp
and PbPb samples. Furthermore, for pp analysis, a 3-bin o and € as a function of BY

pr will be shown which is provided to derive the pp 3 bin cross section measurement.
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4.9.1. Acceptance and Efficiency from pp and PbPb MC

The acceptance is described as the fraction of BY mesons generated within |y| <
2.4 and pr interval under consideration that have daughters, muons and kaons must
be passed the single muon and track acceptance selections in the generated level. As
for the kaons, the track pr and 1 selections are also the same as the offline reco level
track selections described in Section In terms of the reconstruction selection
efficiency, it can be defined as the fraction of the B? with daughters which are passed
the acceptance requirements mentioned above. Besides that, they are reconstructed
and passed the selection conditions which are expressed in Section and
The acceptance factors and the total efficiencies for pp and PbPb collisions are shown
in In Figure @.I8] and the 3 pr bin pp acceptance and total efficiencies are
represented in the lower panel of the Figure

o CMS Preliminary 28.0 pb™ (5.02 TeV pp) o CMS Preliminary 28.0 pb™ (5.02 TeV pp) o CMS Preliminary 28.0 pb™ (5.02 TeV pp)

07k 0.7 0.7
lyl<2.4 E lyl <2.4 E lyl<2.4
06 06 06
05F 0.5 0.5
T 04 O 0.4 > 0.4F
03F 03F 03F
0.2 0.2 0.2

01 —e— 0.1 0.1

‘“D‘”‘20“);(‘3:\37“(;)”40‘H‘so” "‘10""20");&;;:33‘;)”40””50” ‘”10""20");6;3\1}1|;)”A0””50H
Figure 4.17. The left plot shows the BY acceptance, middle plot is efficiency, and the
right plot is the efficiency x acceptance for the pp analysis.
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Figure 4.18. The BY acceptance is on the upper left, efficiency in the upper middle,
and efficiency x acceptance is shown on the upper right for the PbPb
analysis. The lover plots are related to the 3 py for pp analysis and the
acceptance of BV is shown on the lower left, efficiency is in the lower
middle, and efficiency x acceptance on the lower right for the pp

analysis.
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4.10. FONLL pp Reference
Fixed Order Next to Leading Logarithm (FONLL) is a model for calculating

the total or single inclusive heavy quark (charm or bottom) production differential
cross sections at different pp or pp collisions with various cuts on BY or rapiditiy
(n). For this analysis the FONLL calculations was obtained for a generic admixture
of B mesons and baryons in pp collisions with rapidity y <2.4 (CMS Collaboration,
2017a)). Parton Distribution Functions (PDFs) were taken into account for this cal-
culation. Besides, the central values were evaluated considering m.=1.5 GeV and
mp=1.5 GeV, and the renormalization and factorization scales ug=ur=po = / m? + p%.
In terms of the uncertainty which was calculated varying the perturbative parameters
in the range between 4.5< m;, <5 GeV/c? and 1.3< m,. <1.7 GeV/c? while renor-
malization and factorization parameters ur and ug independently in the range 0.5
< pp/mr < 2,0.5 < ug/myp < 2 with the constraint of 0.5 < ur /ug < 2. Afterwards
the FONLL calculation for generic B mesons was rebinned corresponding to the pr
intervals defined for the different analysis. The BY pr differential cross sections are
obtained by scaling the FONLL results with the PDG measured fraction (10.3%). The
FONLL py differential cross section of BY mesons is shown in Figure
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Figure 4.19. FONLL calculation for the pr-differential cross section of B; mesons in
pp collisions at 1/5=5.02 TeV. The blue curves represent the unbinned
FONLL result with its total uncertainty. The black points refer to the
rebinned result for BY mesons and the red points indicate the binned
FONLL uncertainty scaled by the Fragmentation Fraction FF=0.103

4.11. Production Cross Section Measurement

One of the main goal of this analysis is to determine the cross section for the
production of BY mesons which decaying to J/y and ¢ channel with both pp and
PbPb data recorded by CMS detector in 2015. The differential cross sections, j%
and ‘é—‘y’ are defined as functions of the transverse momentum p7 and rapidity y. The

pr differential production cross sections of the B meson production is defined for

each pr interval as follows:

do™ 11 1 NE

d T 2BLApr o e
Pr <24 pr Opp(pr)€pp(PT) Y

(4.7)

where :

* N3 is the raw By — J /W signal yield extracted in each pr interval. The signal
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number is corrected for a fraction of reconstructed and generated candidates in
pr interval of width Apr

» Apr, are the width of p7 intervals.

* L is the total integrated luminosity of the data sample.

* Bis the total branching ratio of the decay chain, which is (6.0340.21) x 1075,
obtained by combining the world averaged values of the branching ratios for
BR (BY — J/w0)= BF(J /)y — utu~)xBF(¢ — KTK~) from the PDG (P. D.
Group, 2014)).

* (o€),, represents the acceptance times efficiency correction. The correction

factor are obtained using PYTHIA and HIJING simulations.

Assuming that present measurement BY and B production cross sections are equal in
the kinematic region. Therefore the factor 1/2 accounts for the yields are measured for
particles and antiparticles added together. However, the cross section is accounted for
one species (B) only. The pr differential cross section of BY mesons in the rapidity
region |y| <2.4 has been calculated according to Equation for pp collisions at

s=5.02 TeV. The results are summarized in Figure and Figure for both
integrated 2-bin and 3-bin pr ranges, respectively. The scaled PbPb cross section is
explained in the next section [4.11.1]

The vertical bars around the data points refer to statistical (systematic) uncer-
tainties in both Figure and Figure The systematic uncertainty bars here
comprise both the correlated and uncorrelated contributions added in quadrature. The
global systematic uncertainty, listed in the legend and not included in the point-to-
point uncertainties, includes the uncertainties in the integrated luminosity measure-
ment and in the branching fraction B. In order to compare the results, the FONLL

calculation at the same energy is superimposed on the same plot and represented by
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Figure 4.20. Summary of the pr differential production cross section for pp sample
in the pr interval 15 to 50 GeV/c. The black points represents the data
and the FONLL calculations at the same energy is superimposed which
is represented by the colored yellow boxes. The boxes around the data
points indicate the total systematic uncertainties.

the colored yellow boxes with the heights indicating the theoretical uncertainty. Ad-

ditionally, the ratio of the measurement over the FONLL calculation is also shown.

The pp results are compared to the predictions of fixed-order plus next-to-leading

logarithm (FONLL) calculations. According to Table and Table the results

indicate that the CMS results for B meson cross section consistent with the FONLL

theoretical prediction.
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Figure 4.21. Summary of the pr differential cross section for pp sample in the pr
interval 7 to 15, 15 to 20, +and 20 to 50 GeV/c.

Table 4.6. Summary table of pp cross section in 2-p7 region 7-15 and 15-50 GeV/c.

PP cross section mean value | statistical systematical
(pb GeV~lc) uncertainty | uncertainty
(7,15) 3.2x10° 12% 19%
(15,50) 8.3x103 13% 9.6%

Table 4.7. Summary table of pp cross section in 3-p7 region 7-15, 15-20 and 20-50

GeV/e.
PP cross section mean value | statistical systematical
(pb GeV~lc) uncertainty | uncertainty
(7,15) 3.2x10° 12% 19%
(15,20) 3.4x10% 18% 9.4%
(20,50) 3.8x103 17% 9.3%
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4.11.1. dN/dp7; and nuclear modification factor in PbPb collisions at 5.02 TeV.
The cross section (dN/dpr) for PbPb collision is calculated according to the

following equation.

BY (BY+BY)
1 dNPhPh — 1 1 1 NPbe (pT) (48)
Taa dpr 2 BNmB ThA Apr pppy(pr) €Pben(PT)
ly|<2.4 ly|<2.4

0
where NﬁS bPb is the raw signal yield extracted in each pr interval of width Ap7, Ny B
is the number of MB (Minimum Bias) events and T44 represents the nuclear overlap
function for PbPb. The scaled PbPb cross section as a function of pr is represented

in the Fig and the resulting values are shown in Table. [4.8]

Table 4.8. Summary table of PbPb cross section in 2-py region 7-15 and 15-50

GeV/e.
PbPb cross section | mean value | statistical systematical
(pb GeV~l¢) uncertainty | uncertainty
(7,15) 4.8x10° 38% 26%
(15,50) 7.3x103 32% 16%

The strongly interacting particles conducted as a deconfined QGP. This state
can be created by conditions attained in high energy collisions of heavy nuclei. After a
while, this state ends up, and then the system cools down and expands following with
hadronisation process. The initial stage of the heavy quarks collision are generated
in quark-antiquark pairs. They move towards the hot and dense medium with losing
their energy caused by collisional processes and gluon radiation. This loss energy can
be explained by the modification of the transverse momentum distribution in heavy
nuclei collisions(PbPb or AuAu) concerning the pp scaled collision. This modifica-
tion is evaluated by the nuclear modification factor R4A which is the ratio between

the cross sections distributions for a given process in nucleus-nucleus (PbPb) and pp
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Figure 4.22. The pr differential corrected yield of BY scaled by Ty4 in PbPb
collisions at 5.02 TeV in two pr intervals from 7 to 50 GeV/c.

collisions divided by the T4 nuclear average overlap function (Dogra et al.,2017).
The experimental Ra4 is calculating with the following formula.

B! B
1 dNpp, 4oy,

4.9
Taa dpr * dpr (49)

Raa(pr) =

The nuclear modification factor in the centrality range from 0 to 100% is shown in
Figure If there are no nuclear effects, the ratio is expected to be equal to 1.
However, the mean value of Ra4 is found to be 1.5 for py range 7 to 15 GeV/c and
0.87 for pr range 15 to 50 GeV/c with statistical uncertainty of 40% and 35%, and
systematic uncertainty of 33% and 19%, respectively. With these values, the mean
value is found to be 0.81 and -0.26 sigma above unity. The obtained ratio is smaller

than one because the strong suppression of the yield products can be observed in
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nuclear collisions. The summary table of the Ras and Ncoi, Taa and N, values for

the different centrality bins used in the charged particle R44 analysis can be found in
Table and Table[4.10] respectively.

Table 4.9. Summary table of Raa

Raa \ mean value \ statistical uncertainty | systematical uncertainty

(7,15)
(15,50)

1.5
0.87

40%
35%

33%
19%

Table 4.10. Summary of the Neoii, Taa and Npare values for the centrality bins used in
the charged particle R44 analysis.

Centrality < Neony > < Tpp > < Npart >
0-10% 1626+112(6.9%) 23.2240.392(1.7%) | 358.841.93(0.54%)
10 - 30% 805.4+53.9(6.7%) | 11.51+£0.274(2.4%) 226.743.65(1.6%)
30 -50% 267.34+19.7(7.4%) | 3.81940.188(4.9%) 109.243.6(3.3%)

50-100% | 30.7644.62(15%) | 0.439540.0642(15%) | 21.87+2.44(11%)
0 - 100% 392.5+43.2(11%) | 5.607+0.501(8.9%) 114+7.55(6.6%)
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Figure 4.23. The B RAA results. The left plot shows the p7 differential production

cross section of BY in pp collisions and the p7 differential corrected
yield of B? scaled by Ty4 in PbPb collisions at 1/5=5.02 TeV in two pr
intervals from 7 to 50 GeV/c. The vertical bars indicate statistical
(systematic) uncertainties. The systematic uncertainty boxes contain
both the correlated and uncorrelated contributions added in quadrature.
The global systematic uncertainty includes the uncertainties in Ty4,
Ny, and BY. The right plot describes the nuclear modification factor
Ra4 of BY measured in PbPb collisions at 1/5=5.02 TeV from 7 to 50
GeV/c. The vertical boxes correspond to statistical (systematic)
uncertainties. The global systematic uncertainty, shown as a grey box
at R44 = 1, contains the uncertainties in the integrated luminosity
measurement and Ty4 value.
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4.11.2. Nuclear modification factor ratio

The ratio of the nuclear modification factor between BY R4 (calculated in sec-
tion and BT Ry, (calculated in analysis (PhysRevLett.119.152301) is also
calculated and represented in Figure The global uncertainty includes luminos-
ity, Ty, etc. and the statistical uncertainty contains tag and probe, acceptance and
tracking efficiency is canceled for both analysis. The rest of the systematic uncertain-

ties are quadratic sum of the B_? and BT R4 analysis.

28.0 pb™' (pp 5.02 TeV) + 351 ub™" (PbPb 5.02 TeV)
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Figure 4.24. The ratio of the nuclear modification factor Raa between BE and Bt
measured in PbPb collisions at 1/s=5.02 TeV from 15 to 50 GeV/c.

Table 4.11. The ratio of Rya between BE and BT measured in PbPb collisions
B?/BJr Raa mean value | statistical systematical
uncertainty | uncertainty
(7,15) 3.6 43% 33%
(15,50) 1.8 36% 19%
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The mean value of the ratio is evaluated as 3.6 with £43% statistical and +33%
systematic uncertainties for 7-15 GeV/c, and 1.8 with £36% statistical and +19%
systematic uncertainties for 15-50 GeV/c, respectively. The results are shown in Ta-
ble An indication of an enhancement of the BY/B* ratio in PbPb with respect
to pp collisions is observed as expected in the case of a strong contribution of beauty
recombination in heavy ion collisions. However, given the substantial uncertainties,
the enhancement is not significant enough to reach a conclusive answer. This analy-
sis demonstrates the capability of performing fully reconstructed BY measurement in

PbPDb collisions with the CMS detector.

4.12. Systematic Uncertainties

There are several contributions on systematic uncertainties for differential cross
section measurements. The cross sections are affected by several sources of system-
atic uncertainties arising from the signal extraction, corrections, branching ratio, lumi-

nosity or T44 determination as well as hadron tracking, muon and selection efficiency.

4.12.1. Branching Ratio

The systematic uncertainty on the BR for the J/y and ¢ decays are calculated
by adding in quadrature the uncertainties on each sub-channel with J/y — u™u~ and
¢ — KTK~. As aresult the uncertainty for the full B — J/y ¢ decay chain is 7.57%
(P. D. Group, 2014).

4.12.2. Luminosity

The luminosity uncertainty based on a preliminary look at the Van der Meer
(VdM) scan data is estimated to be 2% in pp collisions. VdM scans performs with a
dedicated LHC machine set-up, in this case CMS. It provides to measure the luminos-

ity per colliding bunch pair. In terms of PbPb collisions, the luminosity uncertainty

76



4. ANALYSIS OF THE DECAY BY — J/y¢ Candan DOZEN ALTUNTAS

related with the counting of the number of minimum bias events which is used to nor-
malize the corrected dN/dcpr events and it is estimated as 2%. The calculation made
with considering the uncertainty on the minimum bias event selection efficiency (Do-

gra et al.,[2017).

4.12.3. Hadron Tracking Efficiency

The uncertainty of the tracking efficiency of a charged hadron track is evalu-
ated bin-by-bin using a data driven technique and is obtained 4% per track in the pp
case. The relative efficiency of reconstructing hadron tracks in data is evaluated by
measuring the ratio of neutral charm meson decays to final states of D meson analysis
(CMS Collaboration, 2016a). The study was performed to reconstruct the D* meson
for 3 and 5 prong decay channels and corrected by branching ratio (BR) differences
using 5 TeV pp data in 2015. However, this study was not feasible for PbPb case due
to having larger combinatorial background. Therefore, a more conservative tracking

uncertainty was determined as 6% per track.

4.12.4. Muon efficiency: Tag and Probe

The Tag and Probe (TnP) method is a powerful data-driven approach which
is used to have reliable single muon tracking, identification and trigger efficiency
measurements. This method utilises a well-known dimuon mass resonances such as
J/y mesons to select tag and probe muon tracks. The “tag” is an object that passes a
set of tight selection requirements for isolating the required particle type like muons.
The ”probe” refers to an object which selected with potentially very loose selection
criteria to avoid the biasing the efficiency. Tag muon needs to pass the high pr muon
ID, match with the generated muon and also with one of the muons passing the trigger

while Probe muon is just a track muon with a very loose cut on py. Besides, Tag and
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Probe muons should be with opposite charge.

For this analysis, the TnP method (C. H. I. Group, |2016]) for both pp and PbPb
collisions is performed bin by bin using a data driven technique. We take into ac-
count the efficiency differences as systematic uncertainty preferably to apply a muon
efficiency correction. In addition to the muon scaling factor used for MC samples,
uncertainties on these scaling factors are considered in this analysis. Consequently,
the muon efficiency for the pr 7 to 15GeV/c inclusive results 4.4% for pp and 3.1%
for PbPb and for the pr range 15 to 50GeV/c, 3.2% for pp and 3.8% for PbPb col-
lisions. Furthermore, the results for pp 3 bin py range 7 to 15, 15 to 20, and 20 to
50GeV/c were observed 4.2, 3.4, 3.0, 2.8% , respectively.

4.12.5. Selection Efficiency

The systematic uncertainty due to the selection of the BY meson candidates is
evaluated by comparing the result with using a cut-based algorithm in the multivariate
analysis and by comparing the result between the BDT discriminant in pp and PbPb.
The discrimination of the correct yields between BDT and cut-based methods is con-
sidered as a systematic uncertainty for pp analysis. According to this calculation, the
uncertainty is estimated to be 15% and 2.6% for pr 7 to 15 and 15 to 50GeV/c bins.
The Figure represents the resulting pp mass spectrum and cross section. The
same procedure could not be applied to the PbPb data. Because, when the cut base
method used for PbPb samples, no signal obtained due to not having enough statis-
tic. Therefore, The BDT discriminant trained using PbPb data and MC was applied
on pp data and MC samples. According to observations presented in Appendix [D|
with Figure and Figure given the fact that the distributions of the various
variables for signal BY between pp MC and PbPb MC show similarity, the PbPb dis-

criminant BDT value for BY signal generated by using pp samples should be close
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Figure 4.25. The top left plot shows B? invariant mass spectrum for pr range 7 to
15GeV/c and the top right plot correspond to BY invariant mass
spectrum for pr range 15 to 50GeV/c. The bottom one refers to the
corresponding cross section using a cut-base MVA method for pr
interval 7 to 50 GeV/c in pp data.

to the signal produced with PbPb samples. Thus, the systematic uncertainty for the

PbPb analysis evaluated as the difference in the correct yields between pp BDT and

PbPb BDT. It is estimated to be 19% for pr range 7 to 15GeV/c and 8.6% for 15 to

50GeV/c. The resulting B invariant mass spectrum and cross section using the PbPb

BDT discriminant in pp data for pr interval 7 to 50GeV/c is shown in Figure 4.26.

79



4. ANALYSIS OF THE DECAY BY — J/y¢

Candan DOZEN ALTUNTAS

28.0 pb™ (pp 5.02 TeV)

28.0 pb™ (pp 5.02 TeV)

40§gr"gﬁminar 7<p, <15 GeVic 45;—gr"gﬁminar 15 <p_ <50 GeV/c
— 35 y <24 | _ 40 Y vl <2.4
§ 30k B, +D.ata § 35- B +D.ata
) F — Fit ® 30; — Fit
E 250 Signal E 25; Signal
% 20 ---- Combinatorial % E ----Combinatorial
i) 1 5; Significance = 6.114 §2) 20? Significance = 7.262
qC; E Xx2/nDOF: nan/44 = nan qc) 1 5;* x2/nDOF: nan/44 = nan
o 100 Yield = 37.983 @ q0r Yield - 58.318

e ia <
52 54 56 58 6 752 54 56 58 6

mg (GeV/c?) mg (GeV/c?)
107 28.0 pb” (pp 5.02 TeV)
F CMS 5 B,
- ] e Data
10e?Prellmlnary FOMLL
s [ == Iyl <2.4
i r Global uncert. 7.9%
3 10°
6 E
o =
Q. 4*
~ 10*=
=2 E
88 £
103§
= 150
A== —
s F . *
T 05-
a Eovv Lo v L Lo v L Ly

P, (GeVlc)

Figure 4.26. The top panels show the BY invariant mass spectrums for pr interval 7
to 15GeV/c (left) and for 15 to 50 GeV/c (right). The bottom panel
refers to the corresponding cross section using the PbPb trained BDT
discriminant for pr interval 7 to 50 GeV/c in pp data.

4.12.6. Systematics Associated with Signal Extraction Fit

The default background PDF is defined by 1st. order polynomial function as
discussed in Section[4.7] In this section, the various PDF conditions are used to check

its effects on BY yield extraction. The uncertainty of the modeling of the background

shapes is evaluated by varying the probability distribution functions used to describe
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the background to high order polynomial and exponential. The background PDF is
changed to 2nd order polynomial, 3rd order polynomial and exponential functions.
Afterwards, BY raw yields from these fits are compared with the yield from the default
fit (linear) function. The maximum yield difference of all background PDF variations
propagated as the systematic uncertainty associated with background PDF. The values
of different background PDF variations for pp and PbPb collisions are available in
Table and Table In Appendix [E| the BY invariant mass fit results for
both pp and PbPb with applying linear (default), 2nd order polynomial function, 3rd

order polynomial, and exponential functions as background PDF are represented in

Figure and Figure [E4]

Table 4.12. Summary table of signal extraction uncertainty associated with
background PDF in 5.02 TeV pp collisions.

pr(GeV/c) | 2nd Poly | 3rd Poly | Exp | Max Percentage(%)
7—15 3.3 3.4 1.3 3.4
15—-50 1.5 1.6 1.6 1.6

5.02 TeV PbPb collisions.

Table 4.13. Summary table of signal extraction uncertainty on background PDF in

pr(GeVc) | 2nd Poly | 3rd Poly | Exp | Max Percentage(%)
7—15 8.7 8.5 0.31 8.7
15—-50 0.15 0.68 0.021 0.68
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The uncertainty of the modeling signal shape is evaluated by considering four

fit variations:

* Increase/decrease the width parameters determined from MC: To examine the
signal shape directly from data and possible difference between data and MC,
the fits result variation is evaluated by increasing and decreasing the width of
signal by the error (6(1+ o) — 6(1+ o+ Errory))

» Use a single and triple Gaussian function: The effect is checked by changing
the signal PDF function form default setting which is modeled by a double
Gaussian to a single Gaussian and a triple Gaussian.

» Use a sum of three Gaussian functions with a common mean:In the fitting pro-
cedure, the same mean value of the signal PDF is used for the three Gaussian
functions.

» Fix the mean of the Gaussian to the value determined by MC: while in the
default setting the mean value of the double Gaussian is a floating parameter,
we also checked the effect of fixing the mean to the value obtained by fitting

on signal MC .

In Appendix the differences between the models on signal PDF is represented
in Figure for both pp and PbPb collisions. The systematic uncertainty
associated with signal PDF is based on the maximum yield difference (by com-
paring the default setting) among all different types of signal PDF variations. The
uncertainties of signal PDF variations are presented in Table to for
both pp and PbPb collisions. The final systematic uncertainty is propagated as the
maximum of the signal variations is added in quadrature to the maximum of all
the background variations. The systematic uncertainty due to the selection of the

BY meson candidates is estimated by comparing the result with using a cut based
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algorithm in the multivariate analysis and by comparing the results between the BDT

discriminant in pp and PbPb. The results are documented in Table

Table 4.14. Summary table of signal extraction uncertainty on signal width for pp
pr bin 7 to 15 and 15 to 50 GeV/c bin in 5.02 TeV

pr(GeV/c) | 1 Gauss | 3 Gauss | Decrease | Increase | Fixed | Max Per-
width width mean | centage
(%)
7—15 2.5 0.85 0.049 0.049 0.50 2.5
15-50 0.69 0.21 0.051 0.051 0.14 0.69

Table 4.15. Summary table of signal extraction uncertainty on signal width in 5.02
TeV PbPb collisions for pr bin 7 to 15 and 15 to 50GeV/c.

pr(GeV/c) | 1 Gauss | 3 Gauss | Decrease | Increase | Fixed | Max Per-
width width mean | centage
(%)
7—15 4.2 0.36 0.17 0.17 0.50 4.2
15-50 3.5 0.59 0.057 0.055 0.19 3.5

Table 4.16. Summary table of signal extraction uncertainty for pp and PbPb

collisions.
pr(GeV/c) | Background variation | Signal variation | Total
pp 7—15 3.4% 2.5% 4.2%
pp 15—-50 1.6% 0.69% 1.7%
PbPb 7—15 8.7% 4.2% 9.7%
PbPb 1550 0.68% 3.5% 3.6%

4.12.7. Systematics on pr Shape

The systematic uncertainty on MC pr shape was considered by the comparison
of reconstruction and selection efficiency which is calculated with an unweighted
MC sample and a MC sample in which BY pr distribution is weighted with regard

to the FONLL pr shape. The systematic uncertainty is evaluated as the difference in
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efficiency. The inclusive result of systematic uncertainty on MC pr shape for both
pp and PbPb in pr 7 to 15 and 15 to 50GeV/c and also for 3 pr bin range for pp is
documented in Table According to these results, the lower pr bin has the larger
uncertainty because of the rather larger discrepancy on definition of B? pr spectrum

between PYTHIA and FONLL which can be observed in Figure and Figure 4.2

Table 4.17. Summary table of signal extraction uncertainty for pp and PbPb

collisions.
PP systematical uncertainty on prshape
pp 7—15 6.5%
pp 15-50 2.3%
pp in 3 bin | systematical uncertainty on prshape
pp 7—15 6.5%
pp 15-20 0.46%
pp 20—50 0.90%
PbPb systematical uncertainty on prshape
PbPb 7—15 7.9%
PbPb 15—50 3.8%

4.12.8. Systematic on Acceptance Correction

Systematical uncertainties on acceptance play an important role due to distinc-
tion between real data samples and MC simulation. MC samples are generated by
PYTHIAG6 and decayed by EvtGen. Additionally, PHOTOS is used for the initial
and final state radiation. However, generating MC samples with all these processes
can not make guarantee to reproduce real detector condition. The potential discrep-
ancy between real data and MC can affect the acceptance. In this case, the potential
sources of discrepancy can be possible due to initial and final state effects and dif-
ferent generator tuning. The assumption of this study is mixing all the effects from

various sources and reflecting as the determined discrepancy. The following steps
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are performed to determine the bin by bin systematic uncertainties associated with

acceptance correction.

» Between data and MC, the normalized and uncorrected yield ratio as a function
of pr and 1 is determined and represented in Figure and Figure ?? for pp
collision.

» For PbPb analysis, the ratio derived for pp collision is used due to limited size
of statistic available in PbPb samples.

* 10k toy ratios is generated by using Gaussian distribution. Mean value and
sigma of the Gaussian is considered as the ratio and ratio error, respectively.
According to the running time Sk or 10k samples are generated randomly.

* The linear and 2nd order polynomial fit functions are applied to the generated
toy ratios. These fitted parameters are recorded for the next step. The fitting
results are represented in Figure

* According to the determined fitted functions, the MC acceptance weighted for
each toy ratio.

¢ The minimum, maximum and mean values are calculated from each distribu-

tion.

In brief, the bin-by-bin systematic uncertainties correspond to the acceptance correc-
tion are evaluated by varying the shape of the generated B meson p7 and 1 spectra
within limits determined by the differences (including their statistical uncertainties)
between data and MC calculations. With these shape variations, “toy” MC simula-
tions are used to recalculate the acceptance in each kinematic bin. As a result, the sys-
tematic uncertainty is evaluated with the variations between the nominal acceptance
and the toys. The resulting acceptance distribution is represented in Figures

where upper panel shows pp pr binning result and lower panel represents the pp ra-
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pidity binning results and values are documented in Table and Table
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Figure 4.27. Normalized and uncorrected yield of data and MC which is shown on
the upper and lower left and ratios are represented on the upper and
lower right with pr binning and rapidity binning for collisions,
respectively. A Linear function is used for fitting for pr binning while
2nd order polynomial function is used for rapidity binning.
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Table 4.18. Summary of variated acceptance and final systematic uncertainties from
pr and rapidity variation for pp analysis

Variation 7,15 GeV/e | 15,50 GeV/c
Default 0.098 0.43
pr var Mean 0.097 0.43
pr var RMS 0.0012 0.0053
rapidity var Mean 0.098 0.43
rapidity var RMS 0.00037 0.0026
Uncertainties(%o) 1.7 1.8
600F Entries 10000 [ Preonwi asien Entries 10000
rC Mean 0.09727 350f - Mean 0.429
500’ RMS 0.001245 300i RMS  0.00532
400: 250
E ies 10000 200i Entries 10000
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Figure 4.28. Variated acceptance distribution from toy pp MC determined by pr and
rapidity distribution fitting. The red color refers to pr distribution
while blue one is rapidity. The plot on the left corresponds the B pr
from 7 to 15 GeV/c and the right one is from 15 to 50 GeV/c. The black
line in the middle shows the nominal acceptance value in the analysis.
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Figure 4.29.

Figure 4.30.
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Variated acceptance distribution from toy pp MC obtained by pr (red)
and rapidity (blue) distribution fitting. BY pr from 7 to 15 GeV/c (left),
from 15 to 20GeV/c (middle), and from 20 to 50 GeV/c (right). The
black line in the middle is the nominal acceptance value in the analysis.
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Variated acceptance distribution from toy pp MC determined by py and
rapidity distribution fitting. The red color refers to pr distribution
while blue one is rapidity. The left plot corresponds the BY p7 7 to 15
GeV/c and the right one is for 15 to 50 GeV/c. The black line in the
middle shows the nominal acceptance value in the analysis.
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Table 4.19. Summary of variated acceptance and final systematic uncertainties from
pr and rapidity variation for pp 3 bins analysis

Variation 7,15 GeV/c | 15,20 GeV/c | 20,50 GeV/c
Default 0.098 0.36 0.55
pr var Mean 0.097 0.36 0.55
pr var RMS 0.0012 0.00052 0.0043
rapidity var Mean 0.098 0.36 0.55
rapidity var RMS 0.00037 0.0018 0.0035
Uncertainties(%o) 1.7 1.4 1.7

Table 4.20. Summary of variated acceptance and final systematic uncertainties from
pr and rapidity variation for PbPb analysis

Variation 7,15 GeV/c | 15,50 GeV/c
Default 0.098 0.43
pr var Mean 0.097 0.43
pr var RMS 0.0012 0.0052
rapidity var Mean 0.098 0.43
rapidity var RMS 0.00037 0.0027
Uncertainties(%o) 1.7 1.7
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4.12.9. Summary Tables
The summary tables and plots of various systematic uncertainties for pp and

PbPb collisions are documented in Table and represented in Fig

Table 4.21. Summary of systematic uncertainties from each factor in pp analysis.
All the value is shown in percentage.
Factors (7,15) | (15,50)
Hadron tracking efficiency | 8% 8%
B selection efficiency 15% 2.6%
pr shape 6.5% | 2.3%
TnP systematic 4.4% 3.1%
Acceptance systematic 1.7% 1.8%
PDF variation background | 3.4% 1.6%
PDF variation signal 2.5% | 0.69%

MC stat. 0.78% | 0.47%
Total 19% 9.6%
Luminosity 23% | 2.3%
Branching fractions 7.6% | 7.6%

Table 4.22. Summary of systematic uncertainties from each factor in pp 3-bins
analysis. All the value is shown in percentage.

Factors (7,15) | (15,20) | (20,50)
Hadron tracking efficiency | 8% 8% 8%
B selection efficiency 15% 2.6% 2.6%
pr shape 6.5% | 0.46% | 0.90%
TnP systematic 4.4% | 3.3% 3.0%

Acceptance systematic 1.7% 1.4% 1.7%
PDF variation background | 3.4% 1.6% 1.6%
PDF variation signal 2.5% | 0.69% | 0.69%

MC stat. 0.78% | 0.76% | 0.53%
Total 19% 9.4% 9.3%
Luminosity 23% | 2.3% 2.3%
Branching fractions 7.6% | 7.6% 7.6%
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Table 4.23. Summary of systematic uncertainties from each factor in PbPb analysis.
All the value is shown in percentage.

Factors (7,15) (15,50)
Hadron tracking efficiency 12% 12%
B selection efficiency 19% 8.6%
pr shape 7.9% 3.8%
TnP systematic 5.1% 3.8%
Acceptance systematic 1.7% 1.7%
PDF variation background 8.7% 0.68%
PDF variation signal 4.2% 3.5%
MC stat. 4.9% 2.1%
Total 26% 16%

Nugpevents 2% 2%
Taa +2.8 -3.4% | +2.8 -3.4%

Branching fractions 7.6% 7.6%

Table 4.24. Summary of systematic uncertainties from each factor in R44. All the
value is shown in percentage.

Factors (7,15) (15,50)
Hadron tracking efficiency 14% 14%
B selection efficiency 24% 9.0%
pr shape 10% 4.4%
TnP systematic 6.7% 4.9%
Acceptance systematic 2.4% 2.5%
PDF variation background 9.3% 1.7%
PDF variation signal 4.9% 3.6%
MC stat. 5.0% 2.2%
Total 33% 19%
Luminosity 2.3% 2.3%
Nygevents 2% 2%
Taa +2.8 -3.4% | +2.8 -3.4%
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Figure 4.31. Summary plots of the systematic uncertainties for pp collisions
represented on the left, PbPb collisions on the right and R44 on the
bottom. The red color refers to overall normalization from
Lumi+Branching ratio, black line shows the total systematic, blue is
signal extraction, green is B meson selection and correction and pink
refers the Tag and Probe uncertainties.
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4.13. ¢ meson mass window pre-selection

The selection criteria of BDT discriminant cut value was conducted by deter-
mining the working point which provides the highest signal significance as well as
unaffected by non prompt peaking background. In order to remove the peaking back-
ground a tighter ¢ meson (track pair) window must be applied with considering the
advantage of the narrow ¢ meson natural width. Despite the fact that ¢ mass window
is one of the variables for BDT training, the non prompt background may not be prop-
erly removed from the optimal working point. To analyze this effect, the BDT training
study for pp was redone with different ¢ mass window pre-selections with 0.005, 0.01,
0.015, 0.025, 0.05, 0.1 GeV/c, and no pre-selection. Afterwards the ¢ mass and Bg
mass distributions is compared between gen-matched BY and non-prompt background
using pp non-prompt J/y MC samples. The resulting mass spectrum are represented
in Fig. and Fig. According to these figures, the non-prompt peaking back-
ground contribution under B signal region in the BY mass spectra is fairly suppressed
with a pre-selection below 0.015 GeV/c.

Following this, we compared how the real pp data spectra looks like after
these different pre-seleciton in BDT training. The comparison results can be found in
Fig. and Fig. Consequently, the better final signal significance is observed
with the broader mass window pre-selection. However, the non-prompt background
contribution is properly suppressed by applying the intermediate value of 0.015 GeV

for this analysis.
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Figure 4.32. Red line refers to gen-match BY signal while blue line for non-prompt
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¢ meson mass is shown on the left panel. The reconstructed BY mass is
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0.005, 0.01, and 0.015 GeV ¢ mass window pre-selection.
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Figure 4.33. The red line represents the gen-match BY signal and blue line is for
non-prompt background. On the left panel the absolute difference
between track pair mass and PDG ¢ meson mass is shown whereas
Right panel is related to the reconstructed B mass. From top to bottom
corresponding to 0.025, 0.05, 0.1 GeV, and no (i.e., infinite) ¢ mass
window pre-selection.
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Figure 4.34. The reconstructed BY mass spectra in pp data with different ¢ mass
window pre-selection. Top left shows the result with 0.005 GeV, top
right with 0.01 GeV and bottom is with 0.0 15 GeV pre-selection.
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4.14. Non-prompt (NP) J/y Background
The production of J/y mesons occurs in three ways. The prompt J/y pro-

duced directly in the pp collision or indirectly via the decay of heavier charmonium
states, and non-prompt J/y from the decay of a b hadron. Non-prompt J/y lead to
a measurement of the b-hadron cross section. There are potential background feed-
down sources coming from other B meson decays in the BY invariant mass spectrum.
These sources form a peaking structure in the region of interests. In order to prevent
the potential bias of the yield extraction procedure, the peaking background structures
need to be properly studied. To determine these components, we processed the inclu-
sive B meson (i.e., non-prompt J/y) MC samples with the nominal BY channel work
flow. We then classify each reconstructed BY candidate by their gen-level particle,
e.g. whether it is coming from a B®, B or other decays that falls into the BY recon-
struction work flow, in order to measure their individual contribution to the peaking
structure. Only a relatively small contribution from other B meson is observed. After
applying optimal cuts, only negligible non-prompt contribution is left. This is due
to the narrow ¢ meson natural width allowing us to impose a tight track-pair mass
window and thus remove a large fraction of non-prompt contribution which does not

have an intermediate ¢ resonance.These contributions are presented below.

4.14.1. Individual channel contributions of NP Background

There are many small contributions that gives the form to the peaking back-
ground structure. We can not identified each of them individually but most of the
contributed ones are determined. Below is a list of example processes that compose

of the majority of the peaking background:

* 1stcase X — J/yn K™, here pion is mis-identified as kaon
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+ 2nd case BY — J/wK+ K, in which both Kaons are not coming from the decay
of an intermediate ¢ meson resonance.

* 3rd case BT — J/yK™*, (added extra K ™)

4 th case X — J/yrt 1, pions mis-identified as Kaons.

5th case BY — J/WKTK~ X

6 th case BY — J/yonn

7 th case B" — J/wK*°
* 8 th case y1. — J/yy
* 9 th case Yo, — J /WX

The following plots show the contribution of the determined channels with respect
to the total background for both pp and PbPb. The peak at the BY signal region was
investigated and found out that mostly contributed channels are B® — J /wK*" in blue
color and BY — J /wK+ K~ in red color.

The distribution of the non prompt background components with respect to the
total background represented in Figure while the distribution of the NP back-
ground components with respect to the BY signal and also the rest of the small con-
tributions shown in Figure and Figure both for pp and PbPb respectively.
The plots produced in different pr interval of 7 to 15 and 15 to 50 GeV/c for both
for pp and PbPb samples. Left plot corresponds to the individual channels colored
separately and the right plot indicates the difference of sum of the channel from total

background (red lines) with respect to signal (blue line).
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Figure 4.36. Individual Non Prompt background c

ontributions with respect to the

total background components for 7 to 15 GeV/c (top) and 15 to 50

GeV/c (bottom) for pp sample.
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Figure 4.37. Contribution of the Individual Non Prompt Background components
produced in different py range from 7 to 15 and 15 to 50 GeV/c for pp
after optimal cuts. The blue line refers to the BY signal peak while
others are the same as the above plots(top and bottom left plots). The
difference of sum of the channel from total background referred with
red line with respect to signal (top and bottom right plots).
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Figure 4.38. Individual Non Prompt background contributions with respect to the
total background components in 7 to 15 GeV/c pr bin (top) and 15 to
50 GeV/c pr bin (bottom) for PbPb sample.

We also produced the NP peaking backgrounds for pp samples applied with
the BDT discriminant trained in PbPb data for pr interval 7 to 15 GeV/c and 15 to
50 GeV/c. The Figure[4.40] and 4.41] show the individual NP Backgrounds and the

comparison of the determined channels with Bs signal.
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Figure 4.39. Contribution of the Individual Non Prompt Background components

produced in different pr range 7 to 15 GeV/c and 15 to 50 GeV/c for
PbPb and comparison of differences of sum of determined channels
from total background with B signal after optimal cuts.
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Figure 4.41. Contribution of the Individual Non Prompt Background components

for pp with PbPb BDT 7 to 15 Gev/c (upper plots) and PbPb BDT 15 to
50 GeV/c (lower plots) after optimal cuts. The blue line refers to the B?
signal peak while others are the same as the above plots(top and bottom
left plots). The difference of sum of the channel from total background
referred with red line with respect to signal (top and bottom right plots).
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4.14.2. B meson contribution of NP Background

According to the figure[d.36] the red (total background) region is doubly higher
than the stack (determined individual NP background) regions in the histogram. We
expect that the all NP contribution add up should be equal to red area. The main
goal is to model the total background (red) like in figure due to fact that this
contributes to total fit function as a background component. At first thought this red
histogram is basically composed of just a few different components which is defined
in section 4.14.1] However, this study shows there are many small contributions.
Those small components together summed up constructing a large background and
we can not identify all of them individually. Under this circumstances, another def-
inition of individual component defined. The new definition of the NP background

components are listed below;

e 1stcase: Bt — J/yX, all contribution from B*
* 2 nd case : BY — J/yX , all contribution from BY

* 3rd case : B — J/yX, all contribution from B°

4 th case : Other contributions

In Figure the signal region is dominated by the BY, B*, and BY decays while the
other channels are contributed on the left side of the mass spectrum. For both pp and

PbPb data, the BY to J/y + X (orange region) makes a big contribution.

106



4. ANALYSIS OF THE DECAY BY — J/y¢

Candan DOZEN ALTUNTAS

NP Background pp 7-15 GeV

(%] E
'8 C —— BmassBs_nosig
SSO E Il Other contributions
— B oW+ X
70 E= B toJ¥+X
— Bty +X

52 53 54 55 56 57 58 59 6
B candidate mass (GeV/c?)

NP Background PbPb 7-15 GeV

5 5.1

@

,1_3 4 _ —— BmassBs_nosig

5 Il Other contributions

0
35 B toJ/W+ X
EE B toJW+X
B to ¥ +X
3

T Lo b b b b b
5 51 52 53 54 55 56 57 58 59 6
B candidate mass (GeV/c?)

NP Background pp 15-50 GeV

—— BmassBs_nosig
Il Other contributions
— B’ oUW+ X
BB toJw+X
— Bt ¥+ X

51 52 53 54 55 56 5. 6
B candidate mass (GeV/c?)

NP Background PbPb 15-50 GeV

—— BmassBs_nosig
Il Other contributions
— B toJW +X
EEBtoJw+X
— B toJ¥+X

P B T S A
56 57 58 59 6

I Ll
5
B candidate mass (GeV/c?)

.
51 52 53 54 5.

Figure 4.42. B+, BY, B” channels make nearly equal contribution in the signal
region for 7 to 15 GeV/c and 15 to 50 GeV/c with pp (upper plots) after
applying optimal cuts. In terms of PbPb samples, for 7 to 15 GeV/c pr
range BY to J/y + X (orange region) is the most contributed channel in
the signal region but in 15 to 50 GeV/c pr range, both BY and B® make

big contribution.
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The Figure 4.43] shows the most contributed channels of the left sideband of
the invariant mass spectrum. According to the plot, this area dominated by W, and

%x1¢(20443) channels.
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Figure 4.43. y9,(10043) and %;¢(20443) channels contributions on the left side
mass region for both pp (upper plots) and PbPb (lower plots) in
different py 7 to 15 and 15 to 50 GeV/c. Green color refers to the
contribution of (1 ¢(20443) and dark blue shows y,(100443) particle

channels contributions.
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As a result the background model defined and fitted in different pr range 7 to
15 and 15 to 50 GeV/c for pp and PbPb. Gaussian + error function + double Gaussian
fit function were used for pp samples. Here double Gaussian defines the shape at the
signal region , while error function and Gaussian defines the shape at the left sideband.

Unfortunately, we could not apply fit on PbPb samples due to lack of statistics.
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Figure 4.44. Fitting on NP background on pp and PbPb. Upper plots shows the fit
results for 7 to 15 GeV/c (right) and 15 to 50 GeV/c (left) for pp
samples. Lower plots for PbPb samples without fitting.
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4.15. Track pr Preselection Study

In this section, we investigate the different choice of the track pr preselection
performance. Recall that before the BDT training we applied the preselection cuts
on track pr which is 0.5 GeV for pp and 0.8 GeV for PbPb analysis. The results
between applying different track pr preselections are compared and BDT training
performed again. The mass spectra corrected yields are obtained same as this analysis
framework. The resulting mass spectra for pp data with applying various track pr
preselection of 0.5 which is nominal value, 0.6 , 0.7, 0.8, 0.9, 1.0 and 1.1 GeV are
shown in Figure and Figure In terms of PbPb data, the resulting mass

spectra with track pr preselection of 0.8 which is nominal value, 0.9,1.0, 1.1, 1.2, 1.3

and 1.4 GeV are represented in Figure and Figure
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Figure 4.45. The resulting mass spectra with applying different track pr
preselection 0.5, 0.6, and 0.7 GeV/c in pp data.
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Figure 4.47. The resulting mass spectra with applying different track pr
preselection 0.8, 0.9, and 1.0 GeV/c in PbPb data
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Figure 4.48. The resulting mass spectra with applying different track pr
preselection 1.1, 1.2, 1.3, and 1.4 GeV/c in PbPb data

Following that the corrected extracted yield between the track pr preselection

variation and analysis nominal values are compared by calculating the differences in

percentage. Figure shows the comparison results for both pp and PbPb.
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Figure 4.49. The comparison of the corrected extracted yield between and various
the track pr pre-selections variation and analysis nominal values for pp
(left) and PbPDb (right) are shown.

The error bar shown in the figures related with only statistical error of nominal
fit. The statistical error corresponding to the nominal spectrum and varied spectrum
are totally correlated. Note that the extracted yields results are with the statistical
error and not represented with a specific trend of deviation from the zero for pp and

PbPDb analysis.

4.16. Prompt J/y Background

The prompt Jpsi mesons produced directly in the proton-proton collision or
indirectly via the decay of heavier charmonium states. These propmpt Jpsi mesons
also are potential background feed-down in the B? invariant mass spectrum. In order
to define these background the BY mass spectra are performed with using prompt J /y
MC samples with different BDT cut value for PbPb Bg pr interval 7 to 15 and 15
to 50 GeV/c. The figures in Appendix [F| represents the resulting BY mass spectra
using prompt J/y PbPb MC samples with different BDT cut value for various Jy pr
interval, 0t0 3,3t06,6t09,9to 12, 12to 15, 15 to 30 and 30 to infinite.
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4.17. Selection efficiency: cut value variation

In this section, the previous method for evaluating the systematic uncertainty
related with cut selection is documented. The cut variable distributions of B? signal
in data are not in a good agreement with MC simulation. This causes a bias in the
efficiency estimation and therefore in the cross section measurement. In order to
evaluate the systematic uncertainty associated with this, the following double ratio

formula is used.

Yield] t default
eData ieldy,,,(cut default)

. . Yields, , (cut varied)
— 1 _ Data

Ratio(Data/MC)(i) = HC = Vieldh(cut de fat)

i e

(4.10)

Yield:,(cut varied)

Data
i

where, €?“ and Y€ is the selection efficiency for data and MC samples, respectively.

The ”default” denotes the yields derived from the nominal cut value of a given cut

99599
1

variable 1" whereas “’varied” refers to the yields extracted with a varied cut value. As

is the case with the main analysis workflow, the yields obtained by fitting procedure.

99299
1

The evaluation of the associated selection efficiency € for each cut variable for
data and MC samples is estimated by taking into consideration the ratio of the yields
derived from a varied cut value with respect to the default value. In case of obtaining
no distinction between the data and MC efficiencies, the ratio is expect to be equal to
one. Hence, the systematic uncertainty associated to each selection is considered as
the difference of the Ratio(Data/MC) (i) with respect to unity. The systematic uncer-
tainty is propagated as the maximum difference between unity among the examined
cut values. The various BDT cut values from 0.18 to 0.22 and 0.28 to 0.32 for pp
and PbPb and additionally the nominal cut values 0.21 for pp and 0.30 for PbPb are
studied. In Appendix the resulting double ratio of the cut variation with respect
to the BDT discriminant for pp and PbPb data and MC are represented in Figure|G1.

and Figure Due to determination of the double ratio includes to mass spectrum

116



4. ANALYSIS OF THE DECAY BY — J/y¢ Candan DOZEN ALTUNTAS

fitting, the obtained value is affected by the statistic available in data. The extracted
yields in MC drop by 3.2% and 5.7% when the BDT cut value altered from 0.304
to 0.316 and 0.32. However, the extracted yields in data decrease from 9 to 7 and
6 which are 22% and 33%. The resulting BY mass spectrum derived from different

BDT cut values for PbPb MC and data are represented in Figure
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Figure 4.50. Scanning of BDT cut value and the resulting mass spectrum fitting for
PbPb MC and data. Different BDT cut varied from 0.304, 0.316 and
0.32 are used for MC (top row) and data (bottom row).

Consequently, the results are strongly correlated with the statistic available in
data. The BY mass spectrum with the other BDT cut value variation is represented
in the Section The systematic uncertainty associated with this variable is esti-
mated as the maximum difference across the the points in the double ratio plot. The
resulting number of systematic uncertainty is derived 5.5% for pp and 30.4% for PbPb
and the values are documented in Table
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Table 4.25. Systematic uncertainties associated with BDT cut variation.

Cut/Max diff. | BDT cut variation
pp 5.5%
PbPb 30.4%

4.18. Mass fitting spectrum for BDT cut variations

In this section we studied all the resulting BY mass spectra extracted from dif-
ferent BDT cut variation study which is the previous method we used for evaluate the
systematic uncertainty associated with cut selection. The following plots represents
the mass spectrum fitting with different BDT cut values for both pp and PbPb data.
For pp MC (|G3)) and PbPb MC (|G4) results are shown in Appendix

118



4. ANALYSIS OF THE DECAY BY — J/y¢ Candan DOZEN ALTUNTAS

CMS Preliminary PP Sy = 5.02 TeV CMS Preliminary PP Sy = 5.02 TeV CMS Preliminary PP Sy = 5.02 TeV
90
lyl <24 ~Data 100 Iyl <24 ~Data 1001 Jy| <24 ~Data
80F BDTStage1_pt15to50 > 0.209775 BDT > 0.180 _ BDT>0.184 _
70F No=103 £ 11 Fit Ny=116 £ 12 Fit Ny=116 £ 12 Fit
N , Signal & 80 B, Signal o 8o B, Signal
o o o
S eop ! 2 . 2 .
3 - Combinatorial 3 - Combinatorial 3 - Combinatorial
= E = =
© © ©
2 2 2
2 2 3
€ € €
w w w
o " 7 Lot 0 At *‘ Lol e 5
5 51 52 53 5.4 55 56 57 58 59 6 5 51 52 53 5.4 55 56 57 58 59 6 5 51 52 53 5.4 55 56 57 58 59 6
M,k (GeV/c?) M,k (GeV/c?) M,k (GeV/c?)
CMS Preliminary PP Sy =5.02 TeV ; CMS Preliminary PP Sy =5.02 TeV CMS Preliminary PP Sy =5.02 TeV
00,
100f-
Iyl <2.4 ~Data Iyl <2.4 ~Data 90 Iyl <24 ~Data
BDT > 0.189 v BDT>0.193 v aoF BOT>0.198 v
aol- Ne= 11212 it 80 Ny= 111212 e Ng =107 £ 11 it
< , Signal < {8, signal G T B, Signal
3 Combinatorial 3 ol -+~ Combinatorial > 60F Combinatorial
2 60 = =
© © © 50
3 4w 8 g 40
& & § %0
20 20 20
1
73 b v 4 v 0 4 +
%5152 53 54 55 56 57 58 59 6 %5™51"52 53 54 55 56 57 58 59 6 %5152 53 54 55 56 57 58 59 6
Mk (GeV/c®) M,k (GeV/c?) Mk (GeV/c®)
CMS preliminary PP (54, =502 TeV CMS Preliminary PP (5, = 5.02 TeV CMS Preliminary PP (5= 502 TeV
90
90 90
lyl <24 ~Data lyl <24 ~Data lyl <24 ~Data
80f BDT > 0.202 s 80f BDT >0.207 s 80F BDT > 0.211 s
Ng =104 £ 11 it Ng =104 £ 11 it 270F No= 10311 it
o 0F . Signal o 0F B, signal < B, Signal
© © : L sob
> 60F ombinatorial > 60 - Combinatorial 3 -+~ Combinatorial
= = = E
0 v 50 o ¥
2 o 40 o 40
2 2 kel
= 2 30 s %
w w w
20 20
10 10}
. +
¥ 0 RN St/ i 0 e
4 55 56 57 58 59 .3 5.4 55 .7 58 5. 54 55 .
M,k (GeV/c®) M,k (GeV/c®) M,k (GeV/c®)
CMS Preliminary PP Sy = 502 Tev. CMS Preliminary PP Sy = 5.02 TeV.
E 80F
80F |y| <24 ~Data Elyl<24 ~Data
E BDT>0.216 ) 701 BDT > 0.220 )
70 Ny =98+ 11 —Fit E Np=95%11 —Fit
G e , Signal G , Signal
> F - Combinatorial 3 sof - Combinatorial
2 s 2 E
S £ aop
2 E 8 E
£ 80F E 30F
5 E 5 E
w E w E
20F 201
10 10F
% 54 5. 05 X
mMuKK (GSV/Cz) mMIIKK

Figure 4.51. Scanning of BDT cut value and the summary plots of mass spectrum
with fitting for pp data.The 1st spectrum on the top left is obtained at
nominal analysis value BDT = 0.21. The following spectras have the
BDT cut value varied from 0.18 increasingly to 0.22.
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Figure 4.52. Scanning of BDT cut value and the summary plots of resulting mass
spectrum fitting for PbPb data. The 1st spectrum on the top left is
obtained with using nominal analysis value BDT = 0.30. The following
spectra have the BDT cut value varied from 0.28 increasly to 0.32.

120



5. CONCLUSION Candan DOZEN ALTUNTAS

5. CONCLUSION

The first measurement of the differential production cross section of BY mesons
has been done in pp and PbPb collisions at the center of mass energy,/syy = 5.02 TeV
with the CMS detector at the LHC.

The BY differential cross sections do/dp2 in the exclusive hadronic decay
channel BY — J /y ¢ — mu"mu~ KK~ is calculated in the kinematic range |y| < 2.4
and transverse momentum pr range between 7 to 50 GeV/c for pp and PbPb collisions
events. The results are summarized in Fig. and Fig. for both integrated
2-bin and 3-bin pr ranges, respectively. The scaled PbPb cross section is calculated
according to equation 4.8
Furthermore, the results are compared to the predictions of fixed-order plus next-
to-leading logarithm (FONLL) calculations and indicate that the CMS results for BY
meson cross section consistent with the FONLL theoretical prediction. The nuclear
modification factors evaluated using FONLL calculations as pp reference, are found
to be consistent with unity within the quoted statistical and systematical uncertainties.
The ratio of the nuclear modification factor between BY Rys which is calculated in
section and BT Ry, is also calculated and represented in analysis (CMS Col-
laboration,|2017b). An indication of an enhancement of the BY/B™ ratio in PbPb with
respect to the pp collisions is observed as expected in the case of a strong contribu-
tion of beauty recombination in heavy ion collisions. This analysis demonstrates the
capability of performing fully reconstructed BY measurement in PbPb collisions with

the CMS detector.
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Figure A1. Correlation matrix between the variables used in MVA training for signal
and background in pp analysis. First two panel is related to BY pr 7 to 15
GeV/c and last two is for Bg pr 15 to 50 GeV/e.
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Figure A2. Correlation matrix between the variables used in MVA training for signal
and background in PbPb analysis. First two panel is related to BY py 7 to
15 GeV/c and last two is for B? pr 15 to 50 GeV/e.
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The upper plots show the BDT distribution of signal and background
from testing and training samples. The lower left represents the
efficiency as a function of BDT for training and testing samples. The
lower right shows the significance S/+/S + B as a function of BDT for
7-15 GeV/c in pp collision data. The optimal BDT cut value used in the
analysis is indicated with green dash line.
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Figure B6. The upper plots show the BDT distribution of signal and background
from testing and training samples. The lower left represents the
efficiency as a function of BDT for training and testing samples. The
lower right shows the significance S/+/S + B as a function of BDT for
7-15 GeV/c in PbPb collision data. The optimal BDT cut value used in
the analysis is indicated with green dash line.
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Figure B7. The upper plots show the BDT distribution of signal and background
from testing and training samples. The lower left represents the
efficiency as a function of BDT for training and testing samples. The
lower right shows the significance S/+/S + B as a function of BDT for
15-50 GeV/c in pp collisions. The optimal BDT cut value used in the
analysis is indicated with green dash line.
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Figure B8. The upper left and right plots represent the BDT distribution of signal
and background from testing and training samples. Efficiency as a
function of BDT for training and testing samples distribution is presented
in the lower left. While significance S/+/S+ B as a function of BDT for
15-50 GeV/c in PbPb collisions is shown in the lower right. The green
dash line indicates the optimal BDT cut value used in the analysis
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C MC sample Mass spectrum with BDT
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Figure C1. BY mass spectra using prompt J/y MC samples with various BDT cut
value scan in pp B? pr 7-15 GeV/e.
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Figure C2. B? mass spectra using prompt J/Ay MC samples with various BDT cut
value scan in pp BY pr 15-50.
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Figure C3. BY mass spectra by using prompt J/y MC samples with various BDT cut
value scanned in PbPb B? pr 7-15 GeV/e.

351 b (PbPb 5.02 TeV)

351 b (PbPb 5.02 TeV)

351 b (PbPb 5.02 TeV) x10° 351 b’ (PbPb 5.02 TeV)
fg:"'ﬁmi . 15.<P,<50GeVic 400";"‘:?”““ 15<p, <50 GeVie Zoooofgxﬁmina 15<p, <50 GeVie 1207gr“2ﬁmina 15<p, <50 GeVie
. elimipary <24 | 350 v <24 | 18000 v yl<24 | v Il<24
L 4 Data 2 300 B - Data ﬁooof B, - Data e 1000 5, - Data
2 s Fit 2 250 o iggg’ —Fit 2 8o —Fit
o . b E 8
8 |- combinatofal S 200 ! %OOOM’m S so/ﬁﬁm
2 2 2 1507 ' 8000 z
e e 5000 g 40
oy 100 T4000 o
200
50F 2000
! o I I I I T \
55775458 58 6 557754756 58 52754 5658 52754 58 58
mg (GeV/c?) mg (GeV/c?)

mg (GeV/c?)

mg (GeV/c?)

Figure C4. B? mass spectra by using prompt J/yy MC samples with various BDT cut
value scanned in PbPb B? pr 15-50 GeV/c.
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Figure C5. B? mass spectra by using prompt J/y MC samples with various BDT cut

value scanned in pp BY p7 7 to 15 GeV/c. The BDT discriminant used
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D MC and DATA comparison
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Figure D1. Comparison of various B? meson variables between data and MC in pp
analysis. From left to right then top to bottom. BY pz, BY rapidity, o

angel, BY normalized decay length, 0 angel, 2D BY normalized decay
length, vertex fit x>
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Figure D3. Comparison of various BY meson variables between data and MC in pp
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Figure D5. Comparison of various BY meson variables between data and MC in pp
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Figure D6. Comparison of various BY meson variables between data and MC in pp
analysis for BY pr 7 to 15 GeV/c. From left to right then top to bottom.
muon plus pr, muon minus pr, difference between reconstructed J/y
meson mass and PDG mass, pp BDT vs PbPb BDT values used in B! pr
7 to 15 GeV/c analysis, pp BDT vs PbPb BDT values used in B? pr 15
to 50 GeV/c analysis, PbPb BDT values used in B! pr 7 to 15 GeV/c
comparison between pp and PbPb MC, PbPb BDT values used in BY pr
15 to 50 GeV/c comparison between pp and PbPb MC.

150



0.14F
[ PP MC 7<p, <15GeVic 0.045 PP MC 15<p, <50 GeV/c 0.25[. PP MC 15 <p, <50 GeV/c
0_12;—Pbe MC Iyl < 2.4 0_047—prr MC vl < 2.4 —PbPb MC Iyl < 2.4
o1 0.035 H hh H#}l 0.2F
0.085 .4 0'03} { f } { 0.150
i h“ 0.025 *ﬂh { 15}
006ttt 0.02F ,{Hﬁ i ot
o0 h, 0.015¢ bl
E+ e 0.0 tiy 0.05 4
002 N 0.008F o, ",
F e [OSOTOTO ROOO PO v T I uvewe e -
2 T A A A Q0480096 " T4A T Ts T 2.4 Q606012 0.18 024 0.3
Bpt abs(By) Balpha
0.3F 0.7F
[ ~pp MC 15<p,_ <50 GeVic pp MC 15 <p, <50 GeVic 0.16 PPMC 15<p, <50 GeVic
0.25/.~PbPDMC Iyl < 2.4 0.6[-—PbPb MC Iyl <24 0,141~ PoPOMC Iyl <24
t E
0.2 05 012
3 0.4F 4 0-17{
015 0ah 0.08f .
(RN ' 0.06¢ +,
L 0.2
E ooak
005 %, ot . ook My
£ e 1 | IS - el | vtreey
G407 80 120 160 200  0.8975 0.998 0.9985 0.999 0.9995 1 Q™300 6000 9000 12000 1500
BsvpvDistance/BsvpvDisErr cos(Bdtheta) Bd0/BdOErr
0.045F
oodb P MC 15<p, <50 GeVic
04E_pbPb MC Iyl <2.4
0.035

0.03]

o.ozs—ﬂ{ } { #

f
o +*“"**+H+i‘liﬁ#mﬂlj*ﬁiﬂihﬁﬂ

T B S TSV N

Bchi2cl

Figure D7. Comparison of various Bmeson variables between data and MC in pp
analysis for BY pr 15 to 50 GeV/c. From left to right then top to bottom.
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Figure D8. Comparison of various Bmeson variables between data and MC in pp
analysis for BY pr 15 to 50 GeV/c. From left to right then top to bottom.
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Figure D9. Comparison of various B’meson variables between data and MC in pp
analysis for BY pr 15 to 50 GeV/c. From left to right then top to bottom.
muon plus pr, muon minus pr, difference between reconstructed J/y
meson mass and PDG mass, pp BDT vs PbPb BDT values used in B! pr
7 to 15 GeV/c analysis, pp BDT vs PbPb BDT values used in B? pr 15
to 50 GeV/c analysis, PbPb BDT values used in B! pr 7 to 15 GeV/c
comparison between pp and PbPb MC, PbPb BDT values used in BY pr
15 to 50 GeV/c comparison between pp and PbPb MC.
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left to right is the default linear, the background PDF with 2nd order
polynomial, 3rd order polynomial,and exponential functions are

represented, respectively.
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Figure E2. Invariant mass fit of B? candidates for Bg pr 15to 50 GeV/c in 5.02 TeV
pp. The background PDF from left to right is default linear, 2nd order
polynomial, 3rd order polynomial, and exponential.
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Figure E4. BY invariant mass fit for pr interval 15 to 50 GeV/c in 5.02 TeV pp.
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order polynomial, 3rd order polynomial, and exponential functions are
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Figure ES. Invariant mass fit of BY candidates in 5.02 TeV for pp collisions with pr
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respectively.
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Figure E6. Invariant mass fit of B! candidates for B! py 15 to 50 GeV/c in 5.02 TeV
pp. The signal PDF from left to right is default 2nd order polynomial,
single Gaussian, triple Gaussian, width decreased, width increased, and
mean fixed.
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Figure E7. Invariant mass fit of B! candidates for BY pr 7 to 15 GeV/c in 5.02 TeV
PbPb. The signal PDF from left to right is default 2nd order polynomial,
single Gaussian, triple Gaussian, width decreased, width increased, and
mean fixed.
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Figure E8. Invariant mass fit of B! candidates for B! py 15 to 50 GeV/c in 5.02 TeV
PbPb. The signal PDF from left to right is default 2nd order polynomial,
single Gaussian, triple Gaussian, width decreased, width increased, and
mean fixed.
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F Prompt J /y background

The BY mass spectra are performed with using prompt J/yMC samples with
different BDT cut value for PbPb BY pr interval 7 to 15 and 15 to 50 GeV/c. The
figures below represents the resulting BY mass spectra using prompt J/y PbPb MC
samples with different BDT cut value for various J/y pr interval, 0 to 3, 3 to 6, 6 to

9,9t012,12to 15, 15 to 30 and 30 to infinite.
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Figure F1. The resulting B mass spectra using prompt J/y MC samples with

various BDT cut value in PbPb B pr 7 to 15 GeV/c and J/y pr interval
0 to 3 GeV/c sample.
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Figure F2. The resulting B mass spectra using prompt J/yMC samples with

various BDT cut value in PbPb B? pr 7 to 15 GeV/c and J )y pr interval
3to 6 GeV/e.

162



351 b (PbPb 5.02 TeV) 351 ub™" (PbPb 5.02 TeV) «10° _ 351ub™ (PbPb 5.02 TeV) x10° 351 pb (PbPb 5.02 TeV)
3.5F 1208
oMS | 7<p,<15GeVic 1800-CMS 7 < <15 Gevic M8 nary 7 <Py <15Gevic 350 CMS ary 7 <Py < 15GeVic
P 5 <24 | _1600F v <24 | _1o0f i M<24 | _z0f i yl<24
) E o )
% 25 B -e-Data §|400 Bs -*-Data % af B. -e-Data % o5k B. - Data
2, —Fit 21200 —Fit I — Fit 2 —Fit
= E = S 2000
g i 1000 iIRor 1A GUW s —-——m
215 + 800 P o 3 1505
2 £ 0ok £ 40F =
g 8 600 g 2 1007
[ir] W 400F i) [in)
05 200E 20¢ 50
. N I . . . . . . . . . . . .
5 52 54 56 58 5 52 54 56 58 5 52 54 56 58 52 54 56 58
mg (GeV/c?) mg (GeV/c?) mg (GeV/c?) mg (GeVic?)

Figure F3. The resulting B mass spectra using prompt J/y MC samples with

various BDT cut value in PbPb B? pr 7 to 15 GeV/c and J /)y pr interval
6109 GeV/c
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Figure F4. The resulting B mass spectra using prompt J/y MC samples with

various BDT cut value in PbPb B? pr 7 to 15 GeV/c and J/y pr interval
9to 12 GeV/e.

) 351 b (PbPb 5.02 TeV) 351 b (PbPb 5.02 TeV) 351 b (PbPb 5.02 TeV) 351 b (PbPb 5.02 TeV)
i 160] 20000F
[ cMS cmMs [

0.9 Preliminary 7< Pr< 15 Gevie 140F Preliminary 7< Pr 15 Gevie 18000F Preliminary 7< Pr< 15 Gevie 700007Preliminary 7< Pr< 15 Gevie
~ 08 Iyl <2.4 P Iyl <2.4 gpoook Iyl <24 oot lyl<2.4
‘>\-' 0.7F Bs -e-Data § 120F By -&-Data %40007 Bs - Data L Bs - Data
2 06f —Fit 2 —Fit B000E —Fit Soooo: —Fit
= = S E
Sog - Combinatorial | & gﬂooow 8O0, et |
5 045 #B000F 30000
£ € €
& 0.3 26000 &booo-

Wo.2E hoooF
0.1F 20005 10000F
. . . . . . . . . . . . . . . .
52 54 56 58 5 52 54 56 58 52 54 56 58 52 54 56 58
m (GeV/c?) mg (GeV/c?) mg (GeV/c?) mg (GeVic?)

Figure F5. The resulting B mass spectra using prompt J/y MC samples with

various BDT cut value in PbPb BY p7 7 to 15 GeV/c and J )y pr interval
12 to 15 GeV/e.
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Figure F6. The resulting B mass spectra using prompt J /y MC samples with

various BDT cut value in PbPb B? pr 7 to 15 GeV/c and J /)y pr interval
15 to 30 GeV/e.
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Figure F7. The resulting B mass spectra using prompt J/y MC samples with

various BDT cut value in PbPb B? pr 7 to 15 GeV/c and J/y pr interval
above 30 GeV/c
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Figure F8. B” mass spectra using prompt J/y MC samples with various BDT cut

value scan in PbPb BY py 15 to 50 GeV/c and J/y pr 0 to 3 GeV/c
sample.
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H Datasets

The list of data sets are given in the following table.

Table H1. List of pp and PbPb data sets used for this analysis.

System Primary dataset

pp /DoubleMu/Run2015E-PromptReco-v1/A0D

PbPb | HiOniaL1DoubleMuO/HIRun2015-PromptReco-v1/A0D
PbPb | HiOniaDoubleMuOB/HIRun2015-PromptReco-v1/A0D
PbPb HiOniaDoubleMuOC/HIRun2015-PromptReco-v1/AQD

PbPb | HiOniaDoubleMuOD/HIRun2015-PromptReco-v1/AOD

PbPb Combined All

The JSON file is a lightweight data-interchange format which is easy for hu-
mans to read and write and for machines to parse and generate. The JSON is built on
two structures like a collection of name or value pairs and an ordered list of values.
Former one is used in various languages, this is realized as an object, record, dictio-
nary, or associative array. The latter is used in most languages, this is realized as an
array, vector, list, or sequence. These are universal data structures. All modern pro-
gramming languages support these structures in one form or another. Furthermore,
due to these structures, a data format can be interchangeable with programming lan-
guages.

* /afs/cern.ch/cms/CAF/CMSCOMM/COMM _DQM/certification/Colli-
sions15/HI/

Cert _262548-263757 PromptReco HICollisions15 JSON MuonPhys v2.txt

* /afs/cern.ch/cms/CAF/CMSCOMM/COMM _DQM/certification/Colli-
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sions15/5TeV/
Cert_262081-262328 5TeV_PromptReco Collisions15 25ns JSON MuonPhys.txt
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I Simulated Samples

The produced signal, prompt and non-prompt MC samples datasets names for

pp and PbPb are listed in the following Table

Table I1. MC samples data set names

pp signal
/BsToJpsiPhi_PthatO_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/AODSIM
/BsToJpsiPhi_Pthat5_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/AODSIM
/BsToJpsiPhi_Pthat10_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/AODSIM
/BsToJpsiPhi_Pthat15_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/A0DSIM
/BsToJpsiPhi_Pthat30_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/AODSIM
/BsToJpsiPhi_Pthat50_Bpt5p0_pp_5p02-Pythia8/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v2/AODSIM
pp non-prompt J /y
/BJpsiMM_5p02TeV_TuneCUETP8M1/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v1/AODSIM
/BJpsiMM_5p02TeV_TuneCUETP8M1/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3_ext1-v1/AODSIM
pp prompt J /y
/JpsiMM_5p02TeV_TuneCUETP8M1/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3-v1/AODSIM
/JpsiMM_5p02TeV_TuneCUETP8M1/HINppWinter16DR-75X_mcRun2_asymptotic_ppAt5TeV_v3_ext1-v1/AODSIM

PbPb signal
/Pythia8_BJpsiMM_ptJpsi_00_03_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_03_06_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM

/Pythia8_BJpsiMM_ptJpsi_03_06_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13_ext1-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_06_09_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_06_09_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13_ext1-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_09_12_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_12_15_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_15_30_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_BJpsiMM_ptJpsi_30_inf_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
PbPb prompt J /y
/Pythia8_JpsiMM_ptJpsi_00_03_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_03_06_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_03_06_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13_ext1-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_06_09_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_06_09_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13_ext1-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_09_12_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_12_15_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
/Pythia8_JpsiMM_ptJpsi_15_30_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavylIon_v13-v1/AODSIM

/Pythia8_JpsiMM_ptJpsi_30_Inf_Hydjet_MB/HINPbPbWinter16DR-75X_mcRun2_HeavyIon_v13-v1/AODSIM
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