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Introduction

This thesis addresses a study of the 7. (1S) charmonium state using decays to proton-
antiproton final state. The production cross-section of the 7. meson in parton interac-

tions and in b-hadron decays are reported.

The Standard Model, which is the main theoretical framework of the elementary
particles and their interactions, provides precise predictions in the electroweak sector,
reaching up to O(107®) precision for quantum electrodynamics. A compatible level of
precision is obtained also for high-energy (more then hundreds of MeV) strong interac-
tions. However, for the medium energy range between tens and hundreds of MeV the
coupling constant of the strong interaction «; is compatible with one, so perturbative
calculations are not possible. The quark-quark interactions occur in hadrons at this en-
ergy scale. Quarkonium is a composite of a heavy quark and its own antiquark. It is the
simplest system to probe such kind of physics. Two quarkonium systems, charmonium

c¢ and bottomonium bb are used for QCD studies.

Since its discovery in 1974, the quarkonium system became an important tool for
precision quantum chromodynamics tests. The natural widths of the states below the
DD threshold for charmonia and the BB threshold for bottomonia are in the range
of hundreds of keV to tens of MeV. Quarkonium states thus can be properly explored
experimentally. Using non-relativistic potential models, that include a colour Coulomb
term at short distances and a linear scalar confining term at large distances. The 15, 1P
and 28 cé levels and up to 3.5 level for bb systems can be built. Spin-orbit and spin-spin
interactions manifest themselves in the splitting of states within these multiplets, and
the observed states are consistent with the predictions of a one gluon exchange model.

Recent results at the eTe™ experiments operating at a centre-of-mass energy corre-
sponding to Y (4S5) resonance (BaBar and Belle experiments), revived interest in studies
of quarkonium properties. In addition, new precision results were reported by an experi-
ment, dedicated to charm physics, performed on e*e™ collider, BESIII, and experiments,

operating at the Tevatron and LHC hadron machines.
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In this thesis, the 7. charmonium state is studied. The 7. meson is a 1S charmonium
state. It is the lightest c¢ compound, which was discovered in 1980. At present, limited
precision results are available, mainly because of the low production cross-section at the
e*e™ machines comparing to the J©¢ = 17~ states. Using decays to pp final states, the
N cross-section from parton interactions and the inclusive yield from b-hadron decays
is measured for the first time. Recent improvement in the world average precision due
to the new BESIII results caused a tension with the previous results. The value of the
relative inclusive 7, production to J/i is important for distinguishing between a variety
of theoretical models.

The LHCb experiment is well designed for studies of quarkonia decays to hadronic
final states. The precision tracking system provides a reconstruction of charmonium
decay vertex, which is well distinguished from the vertex of pp interaction for charmonia
coming from b-hadron decays. Powerful particle identification distinguishes between
between the charged (pseudo-)stable hadrons: 7%, K* and p(p). The flexible trigger
system effectively selects signatures corresponding to the signal decays of heavy flavour
states. For the current analysis a trigger line dedicated to the charmonium decays to
pp final state is used.

Chapter|l]of the thesis focuses on theoretical aspects of quark-antiquark interactions.
The concept of the Standard Model is briefly discussed in sec. [I.1], followed by an
overview of the quark compounds given in sec. [1.2} The history of quarkonium studies,
its spectroscopy, production and decays is also mentioned. Chapter 2 includes a digest
of recent experimental results on quarkonium studies, focusing mainly on the J/) and
n. states. The results on the prompt quarkonium production in parton interactions
and inclusive charmonium production from b-hadron decays are discussed. The LHCb
detector design and performance are described in Chapter [3] One can find more details
about the detector systems, which are important for our analysis: tracking system, ring
image Cherenkov detectors, and the LHCDb trigger system. In Chapter [4] studies of the 7,
state with 1. — pp decay channel are described. We find the 7. prompt production cross-
section and the inclusive yield of 7. meson in b-hadron decays. Momentum dependencies
of the production cross-sections are obtained. Measurements of the 7. mass m,, and

natural width T, are also addressed. The results are summarised in Chapter [5|



Chapter 1

Heavy quarkonium

1.1 Elementary particles and fundamental forces

1.1.1 Introduction

Elementary particles and their interactions are considered by a theoretical framework
called the Standard Model (SM). It describes the electromagnetic, weak and strong
fundamental interactions. The SM was basically developed in 1970-s. It was experimen-
tally confirmed when the quarks were observed [Il, 2]. Experimental observation of the
elementary SM particles was completed by the discoveries of the top quark (1995) [3],
direct interaction of the tau neutrino (2000) [4], and the Higgs boson production (2013)
[5, 6].

The full Lagrangian of the SM is rather cumbersome and can be found in Ref [7].
A graphical representation of elementary particle interactions is shown on Fig.

Three major groups of true elementary particles are distinguished in the framework
of the SM: fermions, in particular quarks and leptons, gauge bosons, which are inter-
action carriers and the Higgs boson, responsible for the masses of elementary particles.
Fermions have spin equal to n/2,n = 1,2, 3 ... and obey Fermi-Dirac statistics. Quarks,
charged leptons and neutrinos belong to the SM fermions. Bosons have an integer spin
and are described by Bose-Einstein statistics. The SM interaction carriers are the gauge
bosons v, Z, W* (vectors) and the Higgs boson H (scalar).

All SM particles interact via three fundamental forces: the electromagnetic, weak and
strong interactions [§], see a more detailed description in section and section [1.1.4]
The SM does not include a gravity description. It is supposed that elementary particles

participate in gravitational interactions as well, though there is no sufficient quantum

7



Heavy quarkonium 8

leptons

photon

Higgs boson

weak bosons

Figure 1.1: Elementary particle interactions in the Standard Model.

gravity theory. A set of mathematical and conceptual problems has to be solved, in-
cluding a superposition principle which requires a linear vector field and quantisation
of space-time itself [9]. An experimental observation of the graviton, the gravitational
force carrier, is extremely hard due to small coupling [10].

In the SM interactions are determined by a gauge quantum field theory containing
the internal symmetries of the unitary group product SU(3)¢ x SU(2), x U(1)y [?]. The
SU(3)¢ symmetry corresponds to the strong interaction (C' index marks colour charge,
see section ), and the product SU(2);, x U(1)y is responsible for the electroweak
interaction (indices L and Y correspond to the left-handed interaction of weak currents
and hypercharge, respectively, see section . A more detailed description of each

fundamental force is given below.

1.1.2 Elementary particles in the Standard Model

Presently, the matter is considered to be constructed out of three kinds of elementary
particles: leptons, quarks, and interaction carriers. Six leptons, classified according to
their charge and flavour, form three known families. There are also six corresponding
antileptons with inverted quantum numbers. Similarly, three families of quarks are

classified according to charge, isospin and flavour quantum numbers [§]. The SM fermion
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are shown in Table [L1]

Quarks participate in strong interactions and carry the colour charge. Quarks can be
represented by Dirac fields [9]. In addition to strong interactions, quarks participate in
electroweak (EW) interactions as leptons, forming electroweak doublets. The electrical
charge associated with quarks, in units of the electron charge e = 1.6 x 107! C,
[11], is +2/3 for Up type (u, ¢, t) quarks and —1/3 for Down type (d, s, b) quarks.
Generalisation of the baryon charge assumes it to be equal to 1/3 for quarks and —1/3
for antiquarks. Free quarks can not be observed due to the confinement effect of strong
interaction. Only colourless hadrons, mesons (¢g) and baryons (gqq), are observed.

Neutrinos are weakly interacting chargeless particles. Left handed neutrinos form
three doublets with electrons, muons and 7 leptons and are named after them. In
the basic model, developed in 1960-s, neutrinos were assumed to be massless. It was
supposed that right handed neutrinos did not exist. However, recent experiments have
confirmed neutrino oscillations and therefore non-zero masses are required [?]. Until
now no neutrino mass was directly measured, see Table for the recent limits [11].
Different models of neutrino mass generations have been developed, e. g. the See-saw
mechanism, which involves the Mayorana type of neutrino field [?].

Neutral and charged weak currents couple to the Z and W* vector bosons, re-
spectively. They are the mediators of the weak interaction. Their masses are important
parameters in the EW theory, and are linked via the Weinberg angle M, = My, / cos Oy
[7]. The My = 91.2GeV/c? and My+ = 80.4 GeV/c? [11]. The photon (7y) is massless
vector gauge boson, the carrier of the electromagnetic interaction. The v, Z and W+
bosons are produced from the EW interaction fields A and B in the spontaneous sym-
metry breaking [7].

The Higgs boson H is a true neutral scalar with My = 125.9 4+ 0.4 GeV/c? [11]. In
the SM it is responsible for the generation of the SM particle masses under spontaneous
symmetry breaking [7]. The experimental observation of the Higgs boson was recently
reported by the CMS [5] and ATLAS [6] experiments.

1.1.3 Electroweak interaction

The Electroweak interaction was proposed as a unification of the two fundamental
forces: electromagnetic and weak interactions. They form the EW interaction above the
unification energy of the order of 100 GeV. It is described by the Glasgow-Weinberg-
Salam (GWS) model of the EW interactions. The GWS is a non-Abelian gauge theory

and incorporates also the Higgs mechanism [7] . The ability of the particle to participate
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I generation

IT generation

III generation

leptons e Ve 1 vy, T vy

mass 511.00 eV/c? < 2eV/c? 105.66 MeV/c? < 0.19MeV/c? | 1776.82 4 0.16 MeV/c? < 18.2MeV/c?
Q ~1 0 ~1 0 ~1 0

TV left —-1/2 1/2 —-1/2 1/2 —~1/2 1/2

T3V right 0 - 0 - 0 -

Yy left ~1 —1 ~1 —1 ~1 —1

Yy right —2 - —2 - —2 -
quarks U d c s t b

mass 2370 T MeV/c?  4.8755 MeV/c? | 1.275 £0.025GeV/c?2 95 £ 5MeV/c? | 173.07 £ 0.89 GeV/c?  4.18 £ 0.03 GeV/c?
Q +2/3 —-1/3 +2/3 ~-1/3 +2/3 ~1/3

T3V left +1/2 —-1/2 +1/2 —~1/2 +1/2 —~1/2
TV right 0 0 0 0 0 0

Yy left +1/3 +1/3 +1/3 +1/3 +1/3 +1/3

Yy right +4/3 -2/3 +4/3 —-2/3 +4/3 —2/3

Ts +1/2 —~1/2 - —~ - —~

S 0 0 0 —1 0 0

C 0 0 1 0 0 0

Table 1.1: A list of the SM fermions. The corresponding quantum numbers are given for the leptons and quarks: mass,
electrical charge Q, weak isospin 73" and hypercharge Yy for the left handed and right handed states. The e and p masses
are known with O(107%) precision. Neutrino mass limits are given at 95% Confidence Limit for v, and v, and at 90% for v,.
For quarks only isospin projection T3, strangeness S and charm C are defined [?, [I1]. Different quantum numbers, associated
with the rest of the quark flavours, are not considered in this overview, but may be found in Ref. [?].
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in electroweak interactions is defined by the hypercharge Yy, and the third projection
of weak isospin T3". Their values for fermions are given in Table . They are related
with the electric charge ) in the Gell-Mann-Nishijima formula:

1
Q:T§V+§Yw. (1.1)
Assuming neutrinos to be massless (see sec [1.1.2), the GWS model in the lepton
sector is the SU(2);, x U(1)y gauge theory, which includes a right-handed singlet R
and a left-handed doublet L of the SU(2) group, represented as

Lz(?) , R=1(p, (1.2)
L

where ¢ = e, u, 7. The quark sector enters the Lagrangian of EW interactions with one

doublet and two singlets:

U

q u
Q: ( d ) ) UZ(]Ra DZQ?% (13)
q L

where ¢* corresponds to the u, ¢, t quarks and ¢¢ corresponds to the d, s, b quarks. The

gauge invariant Lagrangian for leptons is constructed as
epton T - . 7? g Z - - .
L = Lin® (0, — 195 AL+ 59'B) + Rin® (0, +1g'B")R, (1.4)

where Aj,(i = 1,2,3) and B, are gauge boson fields associated with SU(2)r, and U(1)y,
respectively, g and ¢’ are the gauge coupling constants corresponding to SU(2); and
U(1)y, respectively. The electroweak coupling constants are related with the electro-
magnetic coupling via the Weinberg angle 6y [§]:

VAT Oem , VAT Qe

_ — Y —em 1.5
sin Oy cos Oy’ g sin Oy (1.5)

where q, = € /hc is the fine structure constant.
The Lagrangian for the quark sector is built in a similar way:
Equark__-ua . 7_-'/_1’ i /B
F _QZ'V(M_ZQ§ uQ"’EQ u)

. . (1.6)
- 2 . - .
+ UREZW"(GM +1ig'B*)Ug + DR%’Y“(ap, +1ig'B")Dg.
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It differs form the corresponding Lagrangian for leptons since all right-handed quarks
(left-handed antiquarks) participate in EW interactions. The kinetic term of the gauge
fields which should be added to the Lagrangian is

]' [ na 1 v
‘CG = _ZFNVF'M - ZB/“,BM y (17)
where
Fu = 0,AL = 0,A% + gomei AL A, (1.8)
B, = 8,B, — 9,B,. (1.9)

F Iiy (¢ =1,2,3) and B,, are field strength tensors of the gauge fields. In order to generate
masses fermions and gauge bosons, the spontaneous breakdown of gauge invariance is
needed. [7]

a(Q?)

1
T R el e

.
>

large Q% «—— ———— small Q?
(small 7) (large r)

Figure 1.2: The dependency of the qep,(Q?) running coupling constant on the Q2. [7]

The EM coupling strength increases when the interacting particles get closer to-
gether. This fact is interpreted as vacuum polarisation, when the vacuum functions
screen the charge like the dielectric medium. Introducing higher order corrections to
the virtual photon current, one can find that the dominant deposit comes from the
chains of fermion loops. With the increase of the interacting particle momenta, the

electric coupling constant gets larger, see Fig. [1.2] This effect is known as the running
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coupling constant:

Qem (/ﬂ)

(1 - aem(u2)> . (Q_z)
3 2

where p? is a scale parameter, @ is the interaction energy. [§]

Qe (Q?) = , Q%> (1.10)

1.1.4 Strong interaction

The strong interaction (SI) is a fundamental force. The SI is responsible for bounding
quarks and gluons inside hadrons, including protons and neutrons, that dominate a
visible baryonic matter. [?]

The strong interaction is described by quantum chromodynamics (QCD). QCD is a
non-Abelian gauge theory based on symmetry group SU(3). The idea of strong inter-
actions was first introduced by Yukawa in 1930s to explain the nuclear forces between
nucleons. Nowadays it is known that all hadrons, including nucleons, are composite
particles made of quarks. The quark model was developed and proved in 1960s-1970s
[T, 2L 12]. According to it, baryons are composed of three quarks ggg and mesons of a
quark-antiquark pair ¢q. [7]

Quarks exist in three different colour states, denoted as red, green and blue. The
colour charge of quarks and gluons in strong interactions is a quantum number similar
to the hypercharge and weak isospin projection in electroweak interactions. The number
of existing colours was confirmed by a large variety of experimental results.

Historically, the colour charge was first introduced to solve a problem in the relation
of spin and statistics in the baryon spectroscopy. Introducing an antisymmetric colour
space wave function, one can explain the 3/2 spin of the A™* baryon, which consists
of the three 1/2 spin u quarks. Another evidence of the three colours comes from the
experimental results on the eTe™ annihilation cross-section. At energies of hundreds

MeV, above s5 pair and below c¢ pair production threshold, the production ratio is

o(ete” — hadrons)

R—
olete” = ptp=)

(1.11)

based on the quark model, predicts R = €2 + € 4 e2 = 2/3 without colour and R = 2
with 3 colours. [7]

The quark definition in QCD requires the Dirac spinor and the three element colour
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vector ¢, that gives the quark’s colour:

c=ol, 1], o (1.12)
0

for the red, green and blue states, respectively. The quark colour changes at the quark-
gluon vertex and the difference is carried out by the gluon. Each gluon carries one
unit of colour and one unit of anticolour, so there are 3 ® 3 = 1 & 8 — colour-singlet
colour-octet that gives nine types of gluons. In terms of the SU(3)¢s symmetry, these

nine combinations form a colour-octet:

1) = (rb+b7)/v2 5) = —i(rg — g7)/V2
2) = —i(rh—b)/VE I6) = ~ilbg + gB) /v )
[3) = (r7 = bb)/v/2 |7) = —i(bg — gb)/v/2 '
4) = (rg +g7)/V2 8) = —i(r7 +bb — 299)/V/6
and a colour-singlet state:
19) = (7 + bb + gg)/V6 (1.14)

The phenomenon of confinement requires all hadrons to be colour-singlets. [§]

The QCD Lagrangian, that describes the interaction between quarks ¢ and gluons

Aj, is written as [7]

/. /\l 7 1 % i uv
Locp = q(i0, + gsgA# —m)q — ZF‘“’F K (1.15)
where g, is the strong coupling constant and A\’ are the Gell-Mann matrices. Summation
over ¢ = 1,2...8 is implied. The quark field is given both by the Dirac field and the
colour field components. F},, are the field strength tensor for the gluon fields A

F,, = auAiu - &,AL + gs&jkAﬂAﬁ (1.16)

where €55, is the fully asymmetric tensor.

The gluons enter self-interaction because of the non-Abelian nature of QCD. It leads
to drastically different behaviour of the running coupling constant a,(|q|?) = ¢2/4n
comparing to the ey, behaviour in Quantum Electrodynamics (QED). Two diagrams
shown on Fig|I.3|illustrate one-loop corrections to a,. Apart from the colour factor, the

contribution from the quark-loop diagram Fig. |1.3| (left) is similar to the corrections in
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Figure 1.3: The quark loop (left) and the gluon loop (right) corrections to the running
coupling constant . [7]

QED. The gluon-loop diagram on Fig. [1.3| (right) give rise to another numerical factor,

—%as(;z) with a sign that is opposite to quark-loop contribution. The QCD running

coupling constant is then:

2 as(uz)
a,(Q?) = . 1.17
T T s (@) 0
1+ In|—
127 w?

The p is the renormalisation scale and ny is the number of flavours, taking part in the
scattering process. The denominator of Equation becomes zero for Q? value equal
to Aqcp, so that

— 127
Q* = Nyop = e (33— 2np)as(ps?) (1.18)
Thus we can rewrite a,(Q?) as
12
0,(Q?) = d (1.19)

Q2
33 —2n4)1
( nf) n(AaCD)

The value of Aqcp can not be determined theoretically in QCD, but it was extracted
from experimental data: Aqcp ~ 200 MeV for Q% ~ 100 GeV2. The behaviour of the
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as(Q?) is shown on Fig.
4
as(Q?)

a; ~ 0.2

Q? = 100GeV?
&
(small r) (large r)

Figure 1.4: The Q% dependence of the a,(Q?) coupling constant. [7]

For large @Q* values, Q* > A%p, effective couplings between quarks and gluons
become small. It allows to use perturbative approximation for strong interactions at
large transferred energies, corresponding to small distances. Quarks and gluons behave
as free particles in this energy region, which is known as asymptotic freedom. On the
contrary, at small energy scales, Q* < AéCD, corresponding to large distances, the
coupling constant becomes large and the quark and gluons are confined in hadrons [7].

Effective theories are applied to describe hadron interactions at low energies [13].

1.2 Quark systems

1.2.1 Introduction

The first valuable theory of strong interactions was suggested by Yukawa in 1934 [14].
He suggested an assumption that protons and neutrons interact via the exchange of a
mediator, following the same principle as electromagnetism. The mass of the interaction
carrier was estimated to be nearly 300 electron masses. Because its mass was expected
to be nearly between the masses of an electron (511 keV/c?) and nucleons (=~ 1 GeV/c?) it

was named a meson. In 1947 the presence in cosmic rays of two middle-weight particles,



Heavy quarkonium 17

the muon and pion, were observed. The latter one was attributed to be the Yukawa
meson. [§]

A variety of particles, including resonances decaying via strong interactions, were
discovered in the period of 1950-1970.

The observation of the neutral kaon in cosmic rays had preceded the first resonance
observation. The first discovered particles, containing quark of the second generations
were neutral kaons. They were observed in the K® — 777~ decay mode [§]. In 1949
the charged kaon decay K™ — w77~ was observed in a bubble chamber [§]. Next
year a new heavy neutral particle, A, decaying to a proton and pion, was found. These
new particles were called “strange” because of significant discrepancy in the lifetime
and production cross-section.

The first resonance in particle physics was A**, discovered by Fermi. It was found as
a sharp peak in the pion-nucleon cross-section to the process 7+ +p — AT — 77 +p.
[8] A typical property of the resonances is a short lifetime of the order of 7 ~ 10723,
Usually, it is not measured directly but is determined from the particle natural width
I' = h/7. The I' can be obtained from the fit to the cross-section distribution with the

Breit-Wigner function:
1 r

) = T M (1.20)

p(M

where M, is the resonance mass [11].
In the mid 1960s several hundreds of strongly interacting particles and resonance
were known. Naturally, they had to be classified with an introduction of new quantum

numbers and corresponding conservation laws.

1.2.2 Mesons and baryons

All known strongly interacting particles (hadrons) are considered to be made of quarks.
The hadrons with integer spin are called mesons, and the hadrons with semi-integer
spin are called baryons. Ordinary mesons and baryons are made of ¢¢ and qqq quark
combinations respectively. The antiparticles are obtained by flipping the quarks and
antiquarks. The baryon number is a quantum number associated with baryons. Each
baryon (antibaryon) has B =1 (B = —1). For mesons and the rest of the elementary
particles B = 0. Baryon number conservation can be interpreted as quark number
conservation. [9]

Historically, the first effort to classify existing hadrons was made by Murray Gell-

Mann in 1961. He arranged baryons and mesons into geometrical patterns according
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to their charge and strangeness. The eight lightest baryons form an octet, see Fig. [1.5
The diagonal top-left to bottom-right lines links particles with the same electric charge,

horizontal lines links particles with the same strangeness.

s =0 n P
s=—1 ) PINS
qg=1
§=—2
= E(l
q=-—1 q=0

Figure 1.5: Octet and singlet of the lightest baryons with spin 1/2.

The eight lightest pseudo-scalar mesons fill a similar pattern, forming the meson
octet (see Fig. and a one meson singlet.

0
s=1 K K*
s=10 T Tt
qg=1
s =—1 .,
K~ K
qg=—1 q=0

Figure 1.6: Octet and singlet of the lightest pseudo-scalar mesons.

The 3/2 spin baryons form the baryon decuplet and are presented on Fig. as a
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triangular pattern.

- (
e A A AY AtF

Figure 1.7: Ten baryons with the spin 3/2 form the baryon decuplet.

After the discovery of {2~ baryon in 1963, the success of Gell-Mann model became
evident [15]. Gell-Mann predicted the existence of the particle with S = —3 and Q = —1,
which was missing in the initial decuplet. He was able to estimate its mass and lifetime
before its first experimental observation. [§]

The quark model allows a representation of existing multiplets with the SU(3)
flavour symmetry. With the three quark flavours u, d, s, quark-antiquark combinations
form triplet-antitriplet

3@3=8a1

of meson states with a given spin value. Here 3 (3) is a multiplicity of possible flavour
state for quark (antiquark). Similarly for baryons, with a combination of three quarks

in three flavours, there are
3R3®3=106808d1

states. The 27 combinations split to a decuplet, two octets and one singlet.

The SU(3) flavour is an exact symmetry only for equal quark masses. Hadron mass
differences tell us that this symmetry is approximate. Furthermore, one can include
a heavy ¢ quark in this model to form the SU(4) flavour model. Since the ¢ quark is
significantly heavier than u, d and s quarks (see Table[L.1)), the SU(4) flavour symmetry



Heavy quarkonium 20

is even less precise than the SU(3) flavour . The 1/2 spin baryon multiplet is shown on
Fig. and the psedo-scalar meson multiplet is shown on Fig. . [9]

Figure 1.9: Multiplets of the psedo-scalar mesons in SU(4) flavour model.

In the framework of SU(4) flavour model, the electric charge is linked with the

isospin projection I3, baryon number B, strangeness S and charm C by a different form
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(see eq. [L.1]) of the Gell-Mann-Nishijima formula: [§]

1
Q:13+§(B+S+C). (1.21)
The majority of the known hadrons can be classified as conventional mesons or
baryons. The quark model gives powerful predictions in spectroscopy, including hadron

masses, spin, parity and other quantum numbers.

1.2.3 Exotic states

The hadrons with quark composite, different from the conventional qq or gqq states, are

called exotic. They can be divided in the following main groups:
e Exotic baryons: pentaquarks

e Exotic mesons: tetraquarks, meson molecule, hybrid mesons and glueballs (also

called gluonia).

An example of an exotic baryon, pentaquark, is the qqggqq state, which is not forbidden
by QCD. Some experiments reported the evidence of a pentaquark in the 2000s [16],
but their results were not confirmed later and were shown to be due to statistical
fluctuations [17, [18, [19].

The combination of the pair of quarks with a pair of antiquarks in the 3 repre-
sentation provides a light nonet of four-quark scalar states. If one lets the s quark to

determine the mass splitting, the mass spectrum will form isosinglet (udud), a medium
heavy isodublet (e. g. udsd) and a heavy isotriplet (e. g. dsus) and an isosinglet (e.
g. usus). Then one can interpret the lightest state with the f5(500), and the heaviest
states as ag(980), and f,(980). Then the meson with strangeness x(800) would enter
in-between. [11]

In 2003 the X (3872) narrow charmonuim like state was observed by Belle experiment
[20]. Tt can be interpreted as a tetraquark or meson molecule candidate. Then the
7(4430) resonance with a mass of 4430 MeV/c? was discovered by Belle, then seen by
BaBar [21] and was confirmed by the LHCb experiment with a 13.9 o significance
[22, 23]. Tt is a charged particle and its quark content is consisted with ccdu state,
making it a tetraquark candidate.

States consisting of ¢q pairs bound with the excited gluons g are also predicted.

Their masses are predicted to be around the 1.9 GeV/c? region, according to gluon flux
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tube models [I1]. Lattice QCD also predicts the lightest hybrid with the JF¢ = 1=+
quantum numbers with about 1.8 GeV/¢? mass. [11]

The existence of bound states of gluons is a consequence of gluon self-interaction.
The first model of the glueball spectroscopy, based on the quark-gluon field theory with
hadrons as colour-singlets, has been developed in 1985. Much effort was devoted during
the last 40 years to the theoretical analysis as well as the experimental searches of this

new type of hadron. [24]

1.3 Previous quarkonium studies

Quarkonium is a bound state of a quark and its own antiquark. Conventionally, we
call charmonium only the compounds of heavy quarks where the interaction energy is
smaller than the quark masses (see Table for quark masses). The bb and c¢ states are
named bottonium and charmonium respectively. [IT] The ¢ quark does not participate
in the creation of any bound states. The ¢t quark with a mass about m; < 125GeV/c?
could form narrow toponium states. The width of the single top quark decay I'; ~
175 MeéV (my/my)®. The top quark decays faster then the (¢f) bound state creation
happens. [25]

Unlike the hydrogen atom, where only electromagnetic interaction occurs, quarks are
bound by the strong force. However, the QCD is similar in structure to electrodynamics
except for some non-linear terms which probably do not contribute much at short
distances, see about asymptotic freedom in section [[.1.4l The short-distance behaviour
is dominated by one-gluon exchange. Since the gluon and the photon are both massless
vector particles, the interactions in the given approximation are identical, apart from
the coupling constant g, and the colour factor.

At short range we expect a Coulomb potential interaction V' ~ 1/r. At large dis-
tances one should take into account the quark confinement, therefore the potential
must increase without a limit. The precise functional form of V(r) at large r is rather
speculative and can be parametrised like the harmonic oscillator potential V' ~ r? or
logarithmic dependence V' ~ In(r). With the simplest case of linear dependence, we

obtain

V(r)=—3—>+br, (1.22)

where 4/3 is related to the colour factor, oy is the strong coupling constant and the
constant b can be obtained experimentally [§]. The non-relativistic quarkonium potential

including spin-spin interaction are given in section
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The light quark mesons are intrinsically relativistic since their bounding energies
(about hundreds of MeV) are not small compared to quark masses (see Table [L.1])[8] .
Strictly speaking, the light unflavoured mesons are made by the superposition of light
quark-antiquark pairs: the (vt — dd)/v/2 state for 7°, p°, and the (ui 4 dd — 2s5)/v/6
state for 1, w, the (vt 4 dd + s5)/+/3 state for 7/, s5 for ¢ [11].

The first quarkonium system was discovered in 1974, when two experimental groups
at Brookhaven and SLAC announced almost simultaneously the discovery of a narrow
resonance, later called J/ [26, 27]. This discovery was followed by the 1(2S) (also
called v') state observation by the SLAC group [28].

1.4 Spectroscopy

It is assumed that QCD itself can describe the spectroscopy of heavy quarkonium, how-
ever there are important difficulties to do so in practice. There are two main approaches:
the phenomenological and the theoretical one.

The phenomenological approach operates with models that are believed to be the
features of QCD relevant to heavy quarkonium. Their aim is to produce concrete results
which can be confirmed or falsified by experiment. These results than may guide fur-
ther experimental searches. The theoretical approach describes quarkonium with QCD
calculations and approximations. [29]

Heavy quarkonia are bound states composed of two heavy quarks, each having mass
m much larger than the QCD confinement scale Aqcp.

The typical velocity v of the heavy quark decreases as the mass M increases. If m is
large enough, v is proportional to the running coupling constant c(m), and it therefore
decreases asymptotically like 1/log(m). Thus, if m is sufficiently large, the heavy quark
and antiquark are nonrelativistic, with typical velocities v < 1. We assume in this
paper that the mass m is heavy enough that the momentum scales m, mv and mv? are
well-separated: (mv?)? < (mv)? < m? [30].

Because the system is non-relativistic, quarkonium can be described in terms of the
heavy quark bound state velocity, v < 1, (v? ~ 0.3 for c¢ and v? ~ 0.1 for bb) and by
the energy scales: the mass m, the relative momentum p ~ mv and the binding energy
E ~ muv?. Since m > Aqep and o, < 1 all processes that occur at the scale m can be
treated perturbatively. The strong interaction coupling constant may also be small in
case if mv > Aqcp and mv? > Aqep. It works only for the lowest quarkonium states,

see Fig. [L.10l Direct measurements of charmonium radius are not accessible, and thus
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distinguishing between the perturbative or the non-perturbative soft regime of some of

the lowest bottomonia and charmonia states is challenging.

1

Y Jhy Y7
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010 015 020 025
r (fm)

Figure 1.10: The ay, at one loop, as a function of quarkonium radius r, with labels
indication approximate values of mv for Y(1S), J/i, and T (25). [31]

The hierarchy of these scales separates quarkonia from the heavy-light mesons (e.g
BT, B°, D mesons) which can be described using just two scales: m and Aqcp. This
makes the theoretical description of quarkonium physics more complicated. In partic-
ular, quarkonium production and decay happens at the scale m, quarkonium binding
occurs at the scale mv, while very low-energy gluons and light quarks (also called ul-
trasoft degrees of freedom) are relatively long-lived and therefore are sensitive to the
scale mv?. [31]

Quarkonium has many separated energy states which makes it well-suited for the
confinement region of QCD, its interplay with perturbative QCD, and of the behaviour
of the perturbation series in QCD. States with different radii have varying sensitivities
to the Coulomb and confining interactions, see Fig.

Theoretical approach

Heavy quark effective theory (HQET) [32] and nonrelativistic quantum chromodynam-

ics (NRQCD) are two effective theories that describe the interactions of almost on-shell



Heavy quarkonium 25

2540610-s033

/ QCD
21
. Low-lying High-lying
> |aQ ~ QQ
S 4 % "
— %
S
= 0
Vv
A7
1

Figure 1.11: The ¢g potential as a function of quarkonium radius r. [31]

heavy quarks. NRQCD is based in the fact that the masses of the charm and bottom
quarks are much larger than Aqcp in order to build an effective field theory (EFT)
which is equivalent to QCD at any desired order in 1/m and a(m). In the frame of
the NRQCD two approaches may be followed for spectrum computations: direct lattice
calculations or further integration of the scale of the momentum transfer to arrive at
an EFT in which only the ultrasoft degrees of freedom remain dynamical, pNRQCD.
[31]

The use of non-relativistic EFT allows to handle only scales that correspond to the
physics of the non-relativistic bound states without having to spend a lot of computer
power on the large scale associated with the heavy quark mass which is irrelevant to
the bound state dynamics. This makes the calculations simpler so that more hadron

correlators can be calculated for better precision.

Phenomenological approach

From the various dynamical scales that play a role in the heavy quarkonium systems,
namely m, mv, mv? and Aqcp, only the hard scale m has been factorized in NRQCD

and becomes explicit in its Lagrangian. Only the fact that m > mv, mv? Aqep is
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exploited but no use is made of the scale separation, mv > muv?. Much of simplification
is achieved by building another EFT, where degrees of freedom of order ~ muv are
integrated out as well, i.e., an EF'T where only the ultrasoft degrees of freedom with
energies ~ mv? remain dynamical [29]. The effective Lagrangian of NRQCD is organised

as an expansion in 1/m and as(m):

Lxrqep = Z w x Oy (p, mv, mv?,...), (1.23)

where O,, are the operators of NRQCD that are dynamical at the low-energy scales muv
and mv?, p is the NRQCD factorisation scale, and ¢ n are the Wilson coefficients of the
EFT that encode the contributions from the scale m and are non analytic in m [31].
The pNRQCD is based on the assumption that the scale associated to the size of
the system k ~ muv is much larger than the binding energy E ~ muv?. Therefore one
can integrate out the scale of the momentum transfer k£ in a way such that pNRQCD
is equivalent to NRQCD at any desired order in E/k, k/m and as(u). There are two
dynamical situations. If k& > Aqcp, than the matching from NRQCD to pNRQCD
may be performed in perturbation theory, expanding in terms of ;. In the case when
k ~ Aqcp, the matching has to be non-perturbative, i.e., no expansion in «; is allowed.
Recalling that k ~ r~! ~ mu, these two situations correspond to systems with inverse
typical radius smaller or bigger than Aqgcp, or systems respectively dominated by short

range or long range (with respect to the confinement radius) physics. [29]

Non-relativistic potential model of charmonium

A non-relativistic potential model is the simplest model of the charmonium system.
Its wave-functions are determined by the Schrodinger equation with the conventional
charmonium potential. The potential is a standard colour Coulomb plus linear scalar
form with a Gaussian-smeared contact hyperfine interaction in the zero-order potential.

The central potential is thus

] 4 o
Vi(r) = — 22+ br +

3r 9m?2

0,(r)Se - e, (1.24)

where 0,(r) = (o/m)3e~7" . The four parameters («, b, m., o) are determined fit of the
measured spectrum.
The spin-spin interaction is predicted by one gluon exchange forces. The contact

form, proportional to 6(%) is an artefact of an O(vZ/c?) expansion of T-matrix, so
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replacing it by an interaction with a range 1/0 comparable to 1/m,. is a valid modifica-
tion. On the LO level, the one gluon exchange spin-orbit and tensor and a longer-ranged

inverted spin-orbit term, which arises from the assumed Lorentz scalar confinement, are

1 [[(2as b\~ = 4a,
%pmz—[(a )L-S+ O;T] (1.25)

m?2 73 2r r

The diagonal elements of the spin-orbit operator are (L - S) = I +1) = L(L+1)—
S(S + 1)], other elements equal to zero. The tensor operator T has non-zero diagonal

elements only for L > 0 spin triplet states:

L
- J=L+1
6(2L + 3), *
1
CLy|TIPLy) = = g7 - (1.26)
(L+1) o1
[ 6(2L—1) B

The parameters that follow from fitting these masses are (ay, b, m., o) = (0.5461,
0.1425 GeV?, 1.4794 GeV/c?, 1.0946 GeV). Given these values, we can predict the masses
and matrix elements of the currently unknown cé states. The resulting prediction, shown
on Fig. [1.12] is compatible with all known charmonium masses. [33]

1.5 Quarkonium production and effective theories

1.5.1 Prompt production

The heavy-quark mass m is much larger than Aqcp, and, in the case of production, the
transverse momentum pp can be much larger than Aqcp as well. This implies that the
associated values of the QCD running coupling constant are less than one (as(m,.) =
0.25 and as(mp) =~ 0.18). Therefore, it should be possible to calculate the rates for
heavy quarkonium decay and production accurately in perturbation theory. However,
there are clearly low-momentum, non-perturbative effects which are corresponding to
the dynamics of the quarkonium bound state. It makes impossible the direct application
of the perturbative approach. A calculation algorithm, called factorisation, allows to
separate short-distance/high-momentum, perturbative effects from long-distance/low-

momentum, non-perturbative effects. [29]
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Figure 1.12: The current experimental status of charmonium spectroscopy, compared
to the predictions of a non-relativistic potential model. Experimental levels are solid
lines, and theoretical levels are dashed. The open-charm threshold at 3.73 GeV is also
shown. Taken from Ref [33] with the Ref [34] updates.

One of the common ways to perform such separation is to use effective Non-relativistic
QCD (NRQCD). NRQCD reproduces QCD at order of mv momentum accuracy and
smaller, where v is the typical heavy-quark velocity in the bound state in the centre-
of-mass frame defined in section . NRQCD factorisation is a consequence of QCD
in the limit Aqep/m — 0 [29].

Since the heavy quark pair production occurs at momentum scales of order m or
larger, it manifests itself in NRQCD through contact interactions. Therefore the result-
ing prompt production cross-section of the quarkonium at the transverse momentum
range pr = m is given by the sum of products of the NRQCD matrix elements and

short-distance coeflicients:

o(m) = ou(A)(O7(A)), (1.27)
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where A is the ultraviolet cut off of the effective theory, the o, are short-distance

coefficients, and the (O") are vacuum expectation values of four-fermion operators in
NRQCD. [29]

The short-distance coefficients o,, strongly depends on the process. They corresponds
to the probability to create a ¢¢ pair in parton interactions. They are convolved with

parton distributions of the initial state hadrons in case of pp, pp or pe initial interactions.

The vacuum matrix element is the probability for a ¢ pair to form a quarkonium
plus anything else. These matrix elements are somewhat analogous to the parton frag-
mentation functions. They contain all of the non-perturbative physics associated with

the evolution of the ¢g quarkonium state. [29]

The colour-singlet and the colour-octet operators that appear in Eq[1.27] correspond
to the transformation of the created ¢qq pair to a colour-singlet or a colour-octet state
respectively. The importance of the terms in Eq is determined by magnitudes of
the matrix elements and also by the magnitudes of the coefficients o,. The size of

the coefficient depends on its order in «y, colour factors and kinematic factors such as

m2/pT2-

NRQCD counting rules allow to perform the sum over operators from Eq as an
expansion in powers of v. At the given power of v only a finite number of matrix elements
contribute. Moreover, some simplifications between matrix elements can be applied,
such as the heavy quark spin symmetry and the vacuum saturation approximation.
This reduces the amount of independent elements. Some examples of relations between

colour-singlet matrix elements that follow from heavy quark spin symmetry are

(07" (3S1)) = 3(07("Sy)), (1.28)

(2J+1)

(O (*Py)) = (O1("P)), (1.29)

These relations are valid up to the v? order. The coefficients before matrix elements in
Eqs [1.28] and are ratios of the numbers of spin states. Similar relations between
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colour-octet matrix elements can be written:

(07" (3S1)) = 3(0% (")), (1.30)
(07 (150)) = (OF(3S))), (1.31)
3 ep) = P D ior i my, (1.32)
e = P 0108y, (133

These relations hold up to corrections of order v2.

The colour-octet terms in Eq are expected to dominate in some cases, such
as J/ip production at large pr in hadron colliders. Still, there are also situations in
which colour-singlet terms are expected to make the dominant contribution such as

J/Yp production in continuum e*e” annihilation at the B-factories. [29]

The proof of the factorisation formula in Eq relies both on NRQCD and on
the all-orders perturbative machinery for proving hard-scattering factorisation. At a
large transverse momentum pr 2 m , corrections to hard-scattering factorisation are
expected to be of order (mv)?/pr? (not m?/pr? ) in the unpolarised case and of order
mu/pr (not m/pr ) in the polarised case. At the transverse momentum range pr < muv
the soft gluons in the quarkonium binding process leads to significant difficulties in the
factorisation technique application. It is not clear if there is a factorisation formula for

do /dpt? at small pt or for do/dpr? integrated over pr. [29]

There are many uncertainties in practical calculations of the quarkonium decay and
production rates. The series of a, and v factors in Eq. in many cases converge
slowly, that leads to the large uncertainties — 100% or larger. The matrix elements
are also poorly determined, either from phenomenology or lattice calculations, and
their linear combinations vary from process to process, which makes difficult tests of
universality. There are also large uncertainties in the b and ¢ quarks masses, ~ 8% for
me and ~ 2.4% for my, [11], which makes a significant deposit in the quarkonium rates

calculations since they depend on the squares of quark masses.

A lot of large uncertainties in the theoretical predictions, as well as some uncer-
tainties in the experimental measurements, can be cancelled in the cross-section ratios.
[29]

The polarisation variables make another set of observables in which many of the
uncertainties cancel out. They are defined as ratios of cross-sections for the production

of different spin states of the same quarkonium. The polarisation of the J/i with JF¢ =
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177 can be measured from the angular distribution of its decay products.

The choice of the reference axis depends on the process. In the helicity frame [35] the
polarisation axis is defined by the direction of quarkonium momentum in the laboratory
frame. In the Collins-Soper frame [36] the polarisation axis is the direction of the relative
velocity of the colliding beams in the charmonium rest frame.

The differential cross-section, apart from a normalisation factor, can be written as
137]

d*N
d cos Od¢

where 6 is the polar angle between the direction of the positively charged decay

oc 1+ Agcos® 0 + gy sin® 0 cos ¢ + Ay sin® 0 cos® ¢, (1.34)

particle and polarisation axis, and ¢ is the angle between decay and production planes.
Parameters \g, Agy, and Ay are defined in range (—1,1). The \g = 1, gy = Ay = 0
configuration corresponds to a totally transverse polarisation, and the \g = —1, gy =
A¢ = 0 configuration is valid for a totally longitudinal polarisation. If all polarisation
parameters are equal to zero then no polarisation is observed. The Ay, Mgy and A,

depend on the polarisation axis choice. However, their combination

Mo+ 3\

)\inv =
Y

(1.35)

does not depend on the polarisation axis choice [38| 39].

There are different theoretical models for inclusive quarkonium production. The
most important of them are the colour-singlet model (CSM), the colour-evaporation
model (CEM), the NRQCD factorisation approach, and the fragmentation approach.
B1)

Colour-singlet model

The CSM was suggested soon after the J/i) meson discovery. According to this model,
it is assumed that the ¢g pair transforms directly into the colour-singlet quarkonium
state and thus have the same spin and angular-momentum quantum numbers. In CSM
the production rate of the quarkonium state depends on the absolute values of the
colour-singlet gq wave function and its derivatives. They can be obtained with the
comparison of the theoretical expressions for quarkonium decay rates with experimental
measurements. Apart from these quantities CSM has no free parameters [31]. The CSM
is useful in predicting quarkonium production rates at the relatively low energy scale

[40]. However, in 1995 the experiments at the Tevatron showed that it underestimates
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the prompt charmonium production cross-section in pp collisions by more than an order
of magnitude [29]. However, given the very large corrections at NLO and NNLO, the
perturbative expansion in a, can be not convergent. Moreover, in the production and
decay of P-wave and other J > 1 quarkonium states, the CSM leads to uncanceled
infra-red divergences [31]. Thus, the CSM is theoretically inconsistent for quarkonium
states with non-zero orbital angular momentum. The NRQCD factorisation approach

involves the colour-singlet model and generalises it [31].

Colour-evaporation model

The CEM involves the assumption that every ¢g pair transforms into a quarkonium if it
has an invariant mass that is less than the threshold for producing a pair of open flavour
heavy mesons. Thus the cross-section for a quarkonium state H is some fraction Fy of
the cross-section for producing ¢q pairs. It has an upper limit on the ¢ pair mass but
no constraints on the spin or colour of the final state. The ¢¢ pair looses its colour in
interaction with the collision-induced gluon field, which is called “colour evaporation”.
The sum of the fractions Fy over all quarkonium states H can be less than 1, since the
additional energy, needed for heavy meson pair production from ¢g, can be obtained
from the non-perturbative colour field. The fractions Fj are assumed to be universal
so they are applicable in different kinematic regions. [29, [31]

At the leading order in alphag, the production cross-section for the quarkonium

state H in collisions of the light hadrons h4 and hp is:

2
ami,

OCEM[hAR — H + X] = Fy Z / d§/dl‘1dl’2fih3 ([EQ, M)61](§)5(§ — IL‘l.l’QS), (136)

iJ 4m?

where 75 = qq or gg, 5 is the square of the partonic centre-of-mass energy, and &;; is

the ij — qq subprocess cross-section.

Fragmentation approach

In the fragmentation-function approach to factorisation for inclusive quarkonium pro-
duction [41} 42], the production cross-section is expressed in terms of a convolution of
parton production cross-sections and light-cone fragmentation functions. This proce-
dure provides a convenient way to consider the contributions to the cross-section in

terms of decomposition in powers of m,/p. In addition, it might also represents the first
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step of the NRQCD factorisation [41], [42]. The light-cone fragmentation functions could
be expanded in terms of NRQCD matrix elements.

A contribution to the cross-section at the leading power in m,/pr is given by the
production of a single parton (e.g. a gluon) at a distance scale of the order of 1/pr, which
subsequently fragments into a heavy quarkonium. The contribution to the cross-section
at the first subleading order power in m,/pr is given by the ¢g pair production in a
vector- or an axial-vector state, at a distance scale of order 1/pr, which then fragments
into a heavy quarkonium.

The fragmentation-function approach for the specific case of a single inclusive heavy-

quarkonium production at transverse momentum pr > m, is given by

d0A+B—>H+X (pT) =

Z A6 ayp—i+x(pr/2, 1) @ Dissm(z, mg, i)+

7

A (1.37)
> 6 asoigamex (Pagtey = pr/ 2 12)
(92

® Diggwyj—u (2, myg, 1) + O(mg /pt*),

where the first term corresponds to the contribution of a leading order in m,/p, and
the second term reflects the contribution of the subleading order in m,/p. The A and
B are the initial particles in the hard-scattering process and ® represents a convolution
in the momentum fraction z. The cross-section of the inclusive production of a parti-
cle i, d6 a1 p i+ x, contains all the information about the incoming state and includes

convolutions with parton distributions in the cases in which A or B is a hadron [29] [31].

1.5.2 Charmonium production from b-hadron decays

B-meson decays are a common phenomena for studying charmonium production because
B-mesons decay into charmonia with branching fractions greater than a percent. At a
B factory operating near the peak of the Y(4S) resonance, about 25% of the events
consist of a BT B~ pair or a B°B°. [29]

The Feynman diagram of B-meson decay into a charmonium state is shown on Fig.
13l

The inclusive branching fractions of B-mesons into charmonium states can be mea-

sured most accurately for the mixture of B, B°, and their antiparticles that are pro-
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Figure 1.13: The diagram of the charmonium production from a B-meson decay.

duced in the decay of the YT (4S) resonance, see Table |1.2]

production energy ‘ J »(29) Xel Xe2
T (4S) energy, light B mesons | 11.5+0.6 3.54+0.5 3.6+05 0.7+0.4
ZY energy, all B hadron species | 11.6 1.0 4.8 4+24 11.5+£4.0

Table 1.2: Inclusive branching fractions x 1073 for mixtures of b-hadrons to decay into
charmonium states. [29]

The observed inclusive branching fractions of B-mesons into J/ip and (25) are
larger than the predictions of the colour-singlet model by about a factor of three. So
the NRQCD factorisation approach to the production of J/i and ¢(2S) in B decays
has been applied. The colour-octet 3S; term in the production rate is suppressed by a
factor of v* that comes from the NRQCD matrix element. However, the production rate
also involves Wilson coefficients that arise from evolving the effective weak Hamiltonian
from the scale My to the scale my. The Wilson coefficient for the colour-octet 3S; term
is significantly larger than that for the colour-singlet term, although the smallness of
the colour-singlet term may be due to an accidental cancellation that occurs in the
leading-order treatment of the the coefficient efolution. Moreover, the colour-singlet
contribution is decreased by a relativistic correction of order v?. The inclusion of a
colour-octet 2S; term allows one to explain the factor of three discrepancy between the
data and the colour-singlet model prediction. [29]

The observed branching fraction for decays of B directly into J/i), which excludes
the feed down from decays via 1(25) or x. , is much larger than the prediction of the
colour-evaporation model. The CEM prediction for the branching fraction of the direct
b — J/p X transition is in the range of 0.24-0.66, where the uncertainty comes from
the error in the CEM parameters.

The effect of colour-octet terms on the J/) polarisationin b-decays was studied. In
B-meson decays, the most convenient choice of the polarisation axis is the direction of
the boost vector from the J/i) rest frame to the rest frame of the B-meson. The CEM
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predicts no polarisation. The predictions of NRQCD factorisation and of the colour-
singlet model depend on the effective mass of the b quark. For m;, = 4.7 + 0.3 GeV/c?,
the prediction of NRQCD factorisation is ag = —0.33 £ 0.08 and the prediction of the
colour-singlet model is ay, = —0.40 £ 0.07. The uncertainties that arise from the m,

value have been added in quadrature with other uncertainties. [29]

1.6 Decay modes

Quarkonium dominantly decays via the electromagnetic or strong interaction decay
channels [40]. The quark-antiquark annihilation is the main mechanism of quarkonium
decay into light particles. Since this process occurs with the energy transfer of the order
of charmonium mass m, that is perturbative, heavy quarks annihilate into the minimal
number of gluons, allowed by quantum number selection rules. Intermediate gluons
create light quark-antiquark pairs that forms the final state hadrons: QQ — ng* — qq,
where ¢ = u, d, s. The value of n depends on the quarkonium state QQ), see Table .

25t1p, I9(JPY) gluons photons
Tes Mo "So 0F(07F) 29 2y
JRp, Y(18) | 35 0-(177)  (39)a ol
he, I P 0~ (1)  (39)4 3y
Xc0, Xb0 2Py 07(0*F) 29 2y
Xet, xo1 3] | P 0 (1) 39 3y
Xe25 Xb2 P, 0+(2++) 2g 2y

Table 1.3: Quantum numbers of quarkonium states and a minimal number of virtual
gluons and photons produced in annihilation. The subscript d refers to a gluonic colour-
singlet state that is totally symmetric under permutations of gluons. [29] [43]

The J/ip decay into light hadrons proceed via three real gluons. The decay width to
the light hadrons is expressed as
1072 -9 o
DI — 1h) = —1 2%

2 2
81 meZ of,

3
D(Jhp — ete”) = 205keVrme2al, (3—3) (138
Although this value is somewhat larger than the experimental one it explains the small
partial width of the hadronic decays of the quarkonia. Corrections like relativistic, as
or colour-octet ones, may lead to a better agreement with experiment. A systematic

way to include these corrections is provided by nonrel ativistic effective field theories of

QCD. [33]
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The colour-singlet model assumption is that only heavy-quarkonium states with
quark-antiquark in a colour-singlet configuration can exist, only colour-singlet four-
fermion operators contribute and the matrix elements reduce to heavy-quarkonium
wave functions (or derivatives of them) calculated at the origin.

Quark diagrams describing quarkonium decays into the proton-antiproton final state
are shown on Fig. for J¥” =1~ states and on Fig. for other states.

QU 2 |
=1

S

Figure 1.14: Quark diagram of charmonium decay to the pp pair via emssion of three
gluons. This process is valid for J* = 1~ states: J/, he, 1(25).

U
u pp
d

c

Ne

c
d
u »Pp
u

Figure 1.15: Quark diagram of charmonium decay to the pp pair via emission of two
gluons. This process is allowed for the most of charmonia, except JZ = 1~ states: 7.,

Xc0s Xels Xe2-

For 1S, states hadronic decays into light hadrons involve contributions from three-

gluon ggg and ¢qg final states up to O(a?):

D(n'Sy — L.h.) =T(n'So — gg) + T(n'So — ggg) + Y _T(n'So = qqg),  (1.39)

q
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in other words:

['(n'Sy — 1.h.) =T'(n'Sy — gg) {1 + (k) (ﬁo In mi + C[lso]ﬂ , (1.40)

m q

where C['Sp] is a known correction, C['Sp] = 4.85 for 1. and C[*Sy] = 4.42 for n,. [40]

The total decay width of the 3S; is composed by the electromagnetic decays 3S; —
00, qq, radiative decays and gluonic decays ggg and ggy. The leptonic width at the first

order corrections is expressed as

‘ _ R,s(0)]? 16 2m?
F(n551 — M) = 462043111% (1 — ??) (1 + v;) (141)

Electromagnetic transition between quarkonium states occurs via the emission of a
photon and offers the distinctive experimental signature of a monochromatic photon, a
useful production mechanism to observe and study the lower-lying state, and a unique
window on the dynamics of such systems. Below we first review the status and open
questions regarding the relevant theoretical framework and tools, and then describe
important measurements of charmonium and bottomonium electromagnetic transitions.
Some notable radiative transitions are shown on Fig. for charmonium states and
on Fig. for bottomonium states. [31]

Electromagnetic transitions may be classified in terms of electric and magnetic tran-
sitions between eigenstates of the leading-order pNRQCD Hamiltonian. The states are
classified in terms of the radial quantum number, n, the orbital angular momentum, I,
the total spin, s, and the total angular momentum, J. In the non-relativistic limit, the
spin dependence of the quarkonium wave function decouples from the spatial depen-
dence. The spatial part of the wave function, ¥ (), can be expressed in terms of a radial

wave function, u,;(r), and the spherical harmonics, Y, as ¥(Z) = Y (6, @) un(r)/r.

Magnetic transitions flip the quark spin. Transitions that do not change the orbital
angular momentum are called magnetic dipole, or M1, transitions. Electric transitions
do not change the quark spin. Transitions that change the orbital angular momentum
by one unit are called electric dipole, or E1, transitions. The E1 transitions are more
copiously observed than allowed M1 transitions, because the rates of the electric tran-
sitions are enhanced by 1/v? with respect to the magnetic ones. Clearly, the multipole
expansion is always allowed for transitions between states with the same principal quan-

4

tum numbers (E., ~ mov* or mv® < mo) or with contiguous principal quantum numbers

(E, ~ mv* < mv). For transitions that involve widely separated states, the hierarchy
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Figure 1.16: Scheme of the experimentally observed charmonium states and their no-
table decay channels with the branching ratios (if known). States above the D°DO
threshold decays preferably to the charmed meson-antimeson pair. [I1]
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Figure 1.17: Scheme of the experimentally observed bottomonium states and their no-
table decay channels with the branching ratios (if known). States above the BYB°
threshold decays preferably to the beauty meson-antimeson pair. [11]
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E., < mv may not be realised [31]



Chapter 2

Quarkonium production

2.1 Introduction

There are two main sources of charmonium production. Prompt production occurs in the
primary parton interaction. Secondary charmonium comes from the electroweak decays
of b-hadrons, see section [1.5.2] Experimentally these two sources are distinguished by

secondary vertex separation.

All known charmonium states with masses below the DD threshold are listed in
Table 211

mass, MeV/c? r Beespp, x1073

n.(1S) | 2983.7+0.7 320409 MeV | 1.51+0.16
J/¢(18) | 3096.916 £ 0.011 | 92.9+2.8 keV | 2.120 & 0.029
Yeo(1S) | 3414.754+0.31 | 10.3+0.6 MeV | 0.213 £0.012
X (1IP) | 3510.66 +0.07 | 0.86 +0.05 MeV | 0.073 + 0.004

(1P) | 3525.38+0.11 | 0.740.4 MeV 32405
Xe2(1P) | 3556.20 £ 0.09 | 1.97+0.11 MeV | 0.071 + 0.004
n.(29) |  3639.4+1.3 11.3752 MeV <0.29

¥(2S) | 3686.10970912 303+ 9 keV | 0.275£0.012

Table 2.1: Known charmonium states below the DD pair mass threshold. Branching
fractions of charmonium states decaying to a proton-antiproton pair are from [44] for

he, and from Ref. [I1] for all the other listed states

41
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2.2 J/ production in b-hadron decays

The J/i) meson was first observed as a narrow resonance in direct ete™ interactions in
1974 by the B. Richter and S. Ting teams independently [27, 26]. It is found to be a
bound c¢ state with the quantum numbers angular momentum and CP parity equal to
177. The mass and the natural width I';,, are listed in Table .

Because of its quantum numbers, the J/i) can decay through a virtual photon to a
lepton-antilepton pair with a relatively high branching ratio B _ete- = 5.94 £0.06%,
By —ptp- = 5.93 £0.06% [11]. Therefore the relatively clean dimuon channel J/ip —
ptp~ is used in the most J/i studies.

All charmonium states and the J/i) meson in particular can be produced in two
main ways (see section . The world average of branching fraction of a mixture of
b-hadrons into J/i is [11]:

By jpx = 1.16 = 0.10%.

This value includes results from the DELPH, L3 and ALEPH experiments performed
on the LEP collider at CERN [45] 46, [47]. All of them studied the J/i) production
with eTe™ collisions at a centre-of-mass energy equal to the Z boson mass /s = My =
91.2 GeV/c?. The decay channel ete™ — Z — bb, b — J/ip X was used, where Jji) —
ete” or Jhp — ptp.

2.2.1 Production at hadron machines

Studying of the charmonium production at hadron machines is different from similar
analyses at electron machines. The dense hadron medium causes a large amount of
background.

A lot of measurements of the inclusive charmonium production in b-hadron decays
were performed by the LHCb collaboration. It studied the J/i production in the pp
collisions at 2.76 TeV, 7 TeV and 8 TeV centre-of-mass energies [48], 49, 50]. The
Jhb — ptp~ decay channel was used in all analyses. The results are summarised in
Table 2.2

Vs, TeV ‘ data set ‘ T pp ‘ oy X By jp x ‘ phase space volume

2.76 [48] | 71 nb~! 56+ 0.14+0.4 ub 400 +35+49 nb pr < 12 GeV/c
749 | 5.2 pb™' | 10.524+0.04 £ 1.407355 ub | 1.144+0.01 £ 0.16 ub | pp < 14 GeV/e
8[50] | 18 pb™' | 10.9440.024+0.79 ub | 1.2840.01 +0.11 ub | pp < 14 GeV/c

Table 2.2: The LHCD results on the J/i) production into 2.0 < y < 4.5
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The absolute value of the B,_, ;i x can not be extracted since LHCb measurements
do not yield a value of the total bb cross-section [51].

The CMS experiment performed studies of the J/i) production from b-hadron decays
at /s = 7 TeV centre-of-mass energy. Basing on the 314 pb~! data set, in the trans-
verse momentum range 6.5 < pr(J/)) < 30 GeV/c it gives the value oy X By sptp- =
26.0 £ 1.4 4+ 1.6 & 2.9nb, with the errors correspond to statistical, systematic and lu-
minosity uncertainties [52].

The ATLAS collaboration measured the inclusive J/i yield from b-hadron decays.
The 2.3 pb~! data sample of Vs = 7 TeV centre-of-mass pp collisions was used. The
J/ cross section from b-hadron decays in |y| < 2.4, pr > 7 GeV/c phase space volume

is found to be
Bjospi- % 0(v/s =7 TeV) = 23.0 £ 0.6 £ 2.8 0.2 % 0.8 b,
and in 1.5 < |y| < 2, pr > 1 GeV/c phase space volume
Bjospi- X 0(v/s =7 TeV) =61 £24 £ 1941+ 2 nb,

with errors associated to the statistical, systematic, spin and luminosity uncertainties
[53].

2.2.2 Production at the B-factories

The electromagnetic colliders, designed to produce a large number of B mesons are usu-
ally named B-factories. The Belle experiment [54] at the KEKB collider and the BaBar
experiment [55] at the PEP-II collider at SLAC are examples of the B-factories. They op-
erate with eTe™ collisions at the centre-of-mass energy tuned to the mass of the T (45),
Vs = 9.46 GeV/c. Therefore the BY mesons with mass Mpo = 5366.77 £ 0.24 MeV/c?
[L1] and b-baryons with the lightest known mass Mo = 5619.4 + 0.6 MeV/c? [11] are
not accessible: the centre-of-mass energy is not sufficient for their pair production.

The average fraction of B*/B° mesons admixture decaying to the .J/) mesons is
[11]:

By x = 1.094 £ 0.032%.

There are two recent results that contribute significantly to the number above.
Using 9.1 fb™! of T(4S) centre-of-mass energy data, the CLEO collaboration stud-

ied the inclusive branching fraction and the J/b momentum distribution in b-decay
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production. The J/i) meson was reconstructed with the J/p — ptp~ and Jp — ete™
decay channels. The inclusive branching fraction from B-meson decays was found to
be By, jpx = 1.121 £ 0.013 4= 0.040 = 0.013% for the total J/i) creation including the
feed-down from the higher states, and BSEZ%X = 0.813 + 0.017 4+ 0.036 4 0.010% for
the direct J/ib production from B-meson decays. The given error values correspond to
statistical, systematic, and the uncertainty in the B, ,+,~ and By, e+e- branching
fractions [56].

Performing similar studies with the 20.3 fb™! of data, using the same decay channels
of the J/iy, the BaBar experiment measured the inclusive branching fraction of the J/i
from B-meson decays. It was found to be By, x = 1.057 £ 0.012 % 0.040% for the
total J/ib creation, and Bgi‘f%X = 0.740+0.023 £0.043% for the direct J/i) production
[57], statistical and systematic errors are shown.

2.3 1. production in b-hadron decays

The 7. is the lightest S-wave spin-singlet charmonium state. It has been observed at
the SLAC experiment in 1980 [58] and stays poorly studied since that time. No studies
have been performed on the 7. production from b-hadron decays at hadron machines.
The 1. — ¢¢ decay channel is not accessible since the 7. quantum numbers do not allow
decay via a single virtual photon. The decay through two virtual photons is suppressed

because of the two-loop diagram.

The current limit on the 7. production in the decays of B*/B° mesons admixture,

obtained by the experiments on B-factories, is [59)]:
Bbﬁncx < 0.9%,

at 90% confidence level. The analysis was performed by the CLEO collaboration. The
chosen decay channel was B — 1.(— ¢¢)X, with each ¢ decaying to a K+ K~ pair. It is
a relatively clean channel though the branching ratio is small: B, 44 X (Bysrc+ - ) =
(0.42£0.05) x 1073 [11]. The 7, mass window was defined as a wide range from 2960 to
3010 MeV/c? because of the non-precise knowledge of the 7. mass and natural width

values.
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2.4 Production of other charmonium states in b-

hadron decays

The current average values for the branching fractions of a mixture of b-hadrons into
J/ are given in Table 2.3} The most precisely studied particles are the J/i and ¢(2S)
mesons, while the branching fraction of B*/B%/B?/b-baryon admixture into y. and

the .o inclusive yield at the B-factories are know only with an error of three standard

deviations.
cc state B*/B° B*/B°/BY /b-baryon
Ne <9x103
TR | 1.094 + 0.032% 1.16 = 0.10%
Xer | (3.86£0.27) x 10°* 1.4+ 0.4%
Xeo | (L3£0.4) x 1073
$(25) | (3.07+0.21) x 1073 | (2.83 = 0.29) x 10~3

Table 2.3: The inclusive yield of charmonium from b-hadron decays [11].

The x.1 production studies were performed independently by the BaBar, CLEO (see
section 2.2]for details of the analyses) and Belle collaborations [57, 56, [60]. Two data sets
with a total integrated luminosity of 32.4 fb™' were used by the Belle collaboration.
Performing an analysis with the B — x.X decay channel they found a branching
fraction of a mixture of B*/B° into x. to be BY /P = (3634 0.2+ 0.34) x 107
[60]. The BaBar collaboramon reported Bb_>x + = (3.67£0.35+£0.44) x 1072 [57] and the
CLEO result is Bb_w v = (4.35+0.29 £0.40) x 1073 [56]. The inclusive x.; yield from
the B*/B°/B?/b-baryon admixture was studied by the DELPHI and L3 collaborations
[45], [46] (see section [2.2]for details of the analyses). The resulting branching fractions are
B /PP 0,014 + 0,006 5098 [A5] and B /BB — 0,024 4+ 0.009 +
0.002 [46] respectively.

The Y. branching fraction from the B*/B°? admixture was studied simultaneously
with the x.; in Refs. [60, 57]. The resulting branching fractions B X were measured
with about three-sigma errors, their average value is shown in Table 2.3l The same
analyses studied the (29) inclusive yield from the B*/B° admixture.

The studies of the ¥(2S5) inclusive yield from the B*/B° admixture were performed
by the BaBar and CLEO collaborations in 2002-2003 years [57), 56] (see section for
details of the analyses). Both analyses used the ¥ (2S) — efe™ and ¢(2S) — ptu~

decay modes, and the (2S) — 77~ J/p additionally in Ref. [57].
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The (2S5) inclusive yield from the B*/B"/B?/b-baryon admixture was measured
by the LHCb and CMS collaborations [61], [62]. Both analyses studied the pp collision
at /s = 7 TeV data with an integrated luminosity 36 pb~' and 37 pb~! respectively.
The resulting branching ratios from the LHCDb is found to be ijég(;/)ig/ b=baryon _
(2.73 £ 0.06 £ 0.16 £ 0.24) x 1073 [61] with the errors corresponding to the statisti-
cal, systematic and branching fractions uncertainty. The CMS collaboration reported

B0 Ton = (3,08 40.12 £0.13 £ 0.42) x 107 [62] with the errors correspond-
ing to the statistical and systematic (first), theoretical (second) and branching fractions

(third) uncertainties.

2.5 Prompt J/iy production

All studies of the prompt J/) production are performed at the LHCb experiment with
the J/iy — p'u~ decay mode. The summary of the 0, (+/s) is given in the Table .

The CMS experiment performed studies of the prompt J/ip production at /s =
7 TeV with the 37 pb™! of pp collision data. The Ji) — pu*u~ decay channel was used.
The total J/ib cross section times the J/ib — p*p~ branching ratio was found to be
oy (Vs =T TeV) X Byy_ypty- = 54.5 £ 0.3 = 2.3 £+ 2.2, where the single muon cuts
are extrapolated down to zero pr, within the phase space window of the measurement.

More details on the phase space volume is given in Ref. [62].

The ALICE collaboration measured the prompt production J/i) cross section at
V5 = 2.76 TeV. Using 1.1 nb™ ' of JA) — efe™ and 19.9 nb~! of JA) — pfu~ event

data, the J/ib cross section in the central region |y| < 0.9 was found to be
o (Vs = 2.76 TeV) = 7.75 + 1.78 + 1.397 11 b,

and in the forward region 2.5 < y < 4.0
o (Vs = 2.76 TeV) = 3.34 + 0.13 4+ 0.277933 b,

with the errors associated to the statistical, systematic and polarisation uncertainties
[63]. The result for the forward region is compatible with the LHCD result for the same
energy in Table 2.2 though LHCD rapidity range is wider.

The ATLAS collaboration found the prompt production J/i) cross section in |y| <
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2.4, pr > 7 GeV phase space volume to be
By sptu- X 0(/s =7 TeV) =59 £ 14+ 8% £2 nb,
and in 1.5 < |y| < 2, pr > 1 GeV/c phase space volume

By sptu- X 0(v/s =7 TeV) = 450 & 70799, *710 £+ 20 nb,

with errors associated to the statistical, systematic, spin and luminosity uncertainties
[53]. For the detailed description of the analysis see section [2.2]

The J/ip prompt production cross section at /s = 0.2 TeV was measured at the
STAR detector [64] for the transverse momentum region pr < 14 GeV/c [65].

2.6 Prompt 7. and 7, production

The 7. meson was never studied at the hadron machines. Its prompt production from
the efe™ annihilation was performed at the BaBar, Belle and CLEO experiments [66,
67, 68, [69], see section for details.

The 7, meson is the ground bb state with the quantum numbers 0~ [L1]. It was
observed for the first time by the ALEPH collaboration in 2002 [70] and then studies
by the B-factories [71], [72], [73]. The current limit on the 7, production at the hadron
machine is set by the CDF collaboration, based on the 1.1 fb™! of pp collision data.
With the n, — Jap JAp, Jh — p '~ decay mode, in the phase space volume |y < 0.6],
pr > 3 GeV/e, the production cross section upper limit at 90% confidence level was
found to be [74]

o (V5 =1.96 TeV) < 2.6 pb (2.1)

2.7 Studies of the 7. properties

For a long time, there was a significant discrepancy in the 7, width measurements at
the b—factories and from charmonium transitions [I1]. The possible reasons of such a
divergence may be the low statistic or inadequate description of the interference of the
7. with non-resonant components. The latest results on studies of the 7. properties are
summarised in Table 2.4l

The distortion in the ¥ (2S) — 7.y decay was observed by the CLEO collabora-

tion. It was found that the reason is the photon-energy dependence of the magnetic
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dipole transition rate [80]. Based on this observation, the BESIII collaboration in 2012
performed an analysis with the ¥ (2S) — 7.y decay channel, where the 7. is recon-
structed with six different final states: K¢K ' n~, KTK 7° ntn—n, KK n ntn™,
KT*K=ntr~ 7% and 3(7 "7 ™). The simultaneous fit with the all six decay channels was
performed. The Breit-Wigner probability density function was modified by the Ez fac-
tor to take into account the energy dependence of the radiative transition [75]. Another
BESIII analysis deals with the h. — 7. decay channel, involving simultaneous fit of
the 16 different 7, decay modes. The 7, invariant mass spectrum in E1 transition is not
as distorted as in the M1 case [76]. The obtained mass and natural width values are
shown in Table 2.4

The B-factories also studied the 7. properties. With a data sample of 535 million
BB-meson pairs, Belle measured the 7, invariant mass B* — K*n(— KgK*nT)
channel. In advantage to the v+* transition, this process has fixed quantum numbers
of the initial state. A 2D-fit for the M (KgKm) to cos@ distributions was performed
to separate P- and D-waves from the S-wave in the non-resonant background. The
resulting mass and natural width values fill Table [2.4]

Using 519.2 fb~! of efe™ collision data, BaBar measured the 7. mass and natural
width with the . - KTK - nt7 7° decay channel [66]. The obtained M,, and T,
values are in agreement with BESIII [75, [76] and Belle [77, [68] results, see Table [2.4] for
details of the analyses.

Despite the many studies, the average values of the 7. mass and natural with ac-
cording to Ref. [11] are not stable. Figs. and [2.2|show their changes in the last years.
Both mass and natural width have been changed by more than 20 from 2012 to 2013

year.
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2010 2015

L I L
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Figure 2.1: “Evolution” of the 1. mass world average according to the Particle Data
Group. [11], 811, 82 83, 84, [85], [86], [87, 88, [89]
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Figure 2.2: “Evolution” of the n. naturel width world average according to the Particle

Data Group. [T, B, K2 B3, K4, 85, 86, K7 B8, K9]

Any additional results on the 7. properties, especially from hadron machines, would

be helpful for the cross-check.
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experiment | year decay channel mass, MeV/c? I', MeV
BESIII [75] | 2012 ¥(25) = . 2984.3+06+0.6 |[320+£1.2+1.0
BESIII [76] | 2012 |  4(2S) — 7%he, he — 1. | 298449 +1.16 £0.52 | 36.44+ 32+ 1.7
BaBar [66] | 2011 | y9* — n(— KK -7tr 7% | 2984.5+0.8+3.1 |362+28=+3.0
Belle [77] | 2011 | B* — K*n(— KgK*7T) 2085.4 + 1.5%55 35.1£3.11)8
BaBar [67] | 2010 | efe™ — ete n.(— KgK*r%) | 298224+04+1.6 |31.74+1240.8
BaBar 78] | 2008 B — K¥n(— Kr) 2985.8 4 1.5 £ 3.1 36.375 0 4.4
Belle [68] | 2008 | vv* — n.(— 4K, 2K2r, 47) | 2986.1+1.0+£25 |28143.24+22
Belle [79] | 2007 | ete™ = Jh)(— ptu)ne 2970 £ 5 + 6

CLEO [69] | 2004 Y7 = no(— K*7T) 2081.84+1.3+1.5 |248+34+35

Table 2.4: Measurement of the 7. properties. Refs. [75] and [76] perform simultaneous fit of the 6 and 16 7. decay channels

respectively. Ref. [T9] uses recoil mass of the 7..




Chapter 3

The LHCb experiment

3.1 The Large Hadron Collider

LHCD is a particle physics experiment operated on the Large Hadron Collider (LHC).
The LHC is the world largest particle accelerator. It is located in CERN (European
Organization for Nuclear Research) at the border of France and Switzerland. The LHC
is a 27 kilometre long ring of super conductive magnets and a number of accelerating
structures. Two high-energy proton (or lead) beams are colliding at a 7 TeV and 8 TeV
(2.76 TeV) centre-of-mass energy.

The first stage of acceleration after injection begins at the LINAC2 linear acceler-
ator. There protons reach the energy of 50 MeV. Then they are passed to the Proton
Synchrotron Booster and to the Proton Synchrotron. Protons are accelerated to 26 GeV
at this stage. The last accelerator before the LHC, the Super Proton Synchrotron (SPS)
raises proton energy up to 450 GeV [90].

There are four big experiments installed on the LHC ring (see Fig. . The first
two, ATLAS and CMS, are designed for the direct searches for new physics beyond
the Standard Model (SM) and the Higgs boson discovery. The ALICE experiment is
dedicated to the quark-gluon plasma studies with heavy ion collisions.

The LHCb experiment is designed for flavour physics searches, in particular for the
studies of the CP violation mechanism. It has collected about 3.2fb™' of integrated
luminosity till the end of 2012, see Fig.

The LHC operated at a pp centre-of-mass energy /s = 7TeV in 2010 and 2011
years, and at 8 TeV in 2012. Tt is planned to have the first \/s = 14 TeV pp collisions in
2015 after the LHC shut down. Lead-lead and lead-proton collisions were also performed

at 2.76 TeV per nucleon centre-of-mass energy. It is the second large hadron machine

ol
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Figure 3.1: The LHC acceleration cascade and positions of four main experiments.
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3.2 The LHCDb detector
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The LHCb detector is a forward single arm spectrometer with angular coverage up

to 300 mrad in the bending plane and 250 mrad in the non-bending plane. Such a
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geometry was chosen because of the fact that b- and b-hadrons at high energies are
produced in a correlated way mostly in the forward and backward directions, see Fig.
3.3l The side view (y/z plane cross-section, z axis goes along the beam direction) of the

LHCb installation is shown on Fig.

LHCb MC
Vs =8 TeV

W2
T 6, [rad]

Figure 3.3: The bb production angle plot /s = 8 TeV, Monte-Carlo simulation.

It is located at Point 8 in place of the former DELPHI experiment (see Fig. for
the LHCD position on the LHC ring).

The detection system consists of several sub-detectors. They perform precise re-
construction of the primary and secondary vertices (VELO) and tracks (VELO and
Tracker). The v and 7° energies are measured by the Electromagnetic Calorimeter
(ECAL) and momentum is measured by the Tracker System. Particle identification
is performed by ECAL for v, 7°, e*, Muon chambers for muons and the Ring imag-
ing Cherenkov detectors (RICH) for all charged pseudo-stable particles. With known
particle momentum and type (mass) one can find its energy. Scintilator Pad Detector
(SPD) and Preshower are located in front of the calorimeters and are used for the v /7"
and ~y/e* discrimination. The Hadron Calorimeter (HCAL) is used only for triggering.
91, 192]

In the following sections we describe briefly all subsystems of the LHCb installation,

focusing on the tracking, Cherenkov particle identification and trigger systems that play
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Figure 3.4: The side view of the LHCb detector.

a major role in the current analysis.

3.2.1 Tracking system

The tracking system at the LHCb experiment consists of the vertex locator (VELO)
and four tracking stations: the Tracker Turicensis (T'T) before the dipole magnet and
T1-T3 after of the magnet.

VELO

The vertex locator (VELO) consists of silicon modules, placed along the beampipe
close to the interaction point. The VELO silicon plates before installation into LHCb
are shown on Fig. 3.6] It performs precise measurements of the interaction vertices
coordinates, thus it allows to separate primary interaction vertices from secondary ones.
The VELO detector contains about 180000 readout channels [91]. It plays a big role in
b- and c-physics: e. g. with the help of vertex detector one can distinguish between .J/1
created in a primary interaction and in the decay of b-hadrons. The VELO detector
plays a big role in the HLT2 (High Level Trigger 2) functionality and helps to enrich
off-line data samples with b-hadron decay events [93]

The VELO aperture is smaller than one required by the LHC initial injection condi-
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tions. It is a unique tracking detector that approaches about 8 mm to the beam. Since
the beam is focused, the VELO plates are moved towards the interaction spot. To min-
imise material between the VELO and the interaction point, it is separated from the
machine vacuum in the beampipe by a thin aluminium RF-foil. The VELO radiation
length is about 17.5% of a radiation length, the main deposit comes from the RF-foil
[o1].

To perform sufficient longitudinal and angular resolution, R-sensors and ¢-sensors

have been implemented, see Fig 3.5l They are made of n-on-n silicon plates

¢ sensor R sensor

2048 strips D D 2048 strips
read out Q — =L Q read out

readout chips

strips
------- routing lines
w floating strips

Figure 3.5: Scheme of the R and the ¢-sensors. [93]

For proper trigger operating, the signal to noise ratio of the VELO system stays
greater than 14 [93]. The spatial resolution is about 4 pm, it is required that the resolu-
tion should not degrade with the total dose increasing. A track in the LHCb acceptance
must cross at least three VELO plates. For aliment reasons two parts of the detector
are designed to be overlapped, see Fig. 3.7

The vertex locator resolution can be parametrised as

32 pm

op = 17,um—|— , (31)
pr

where pr is in GeV/c units. The resolution typically ranges between 20 and 40 pm for
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Figure 3.6: VELO detector plates before installation.
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Figure 3.7: Cross-sections of the VELO silicon layers in the x/z plane (top). Closed
(bottom left) and opened (bottom right) VELO stations.
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B decay tracks [94]. The VELO spatial resolution depending on the inverse transverse
momentum 1/pr is shown on Fig. (right).

Tracker and dipole magnet

Both the Tracker Turicensis (TT) and the Inner Tracker (IT) use silicon microstrip
sensors with a strip pitch about 200 um. The TT has an active area of about 8.4 m?
with 143360 readout strips and the IT has an active area of 4.0 m? with 129024 readout
strips. The tracker system was designed for the reconstruction of the charged particle
tracks and measuring their momenta jugging on the path curvature in magnetic field.

All four TT detection layers are composed in one large tight, electrically and ther-
mally insulated detector volume. Since the temperature below 5° C is maintained in the
detector volume, it is continuously flushed with nitrogen in order to avoid condensation
on the surfaces.

The T1-T3 stations consist of silicon microstrips in the inner region (Inner Tracker,
IT). Straw-tubes are employed in the outer region (Outer Tracker, OT). The OT is an
array of individual, gas-tight straw-tube modules. Each module contains two layers of
drift-tubes with 4.9 mm inner diameters. A mixture of Argon (70%) and CO, (30%) is
used for the fast drift time > 50ns, and high spatial resolution (200 pm). [91]

The magnet at LHCb is a warm magnet designed with saddle-shaped coils in a
window-frame yoke. It covers the LHCb angular acceptance. The integrated magnetic
field reaches 4 Tm.

The momentum from a long track (traversing the full tracking set-up from the
VELO to the T stations) fit in average has resolution of 0.35% (the 0.1 tail fraction
with o = 1.0%). The resolution dependence of the momentum value is shown on Fig.
3.8 (left).

Precise vertex reconstruction allows LHCb to perform accurate lifetime measure-
ments. The latest results on the B mesons lifetime measurements was performed with
a total error < 1% [95]. The lifetime distribution of the By candidates is shown on Fig.
3.9

3.2.2 Particle identification

Precise particle identification is crucial for the LHCb experiment. The Electromagnetic
calorimeter (ECAL) is responsible for the v, electron identification and 7° identifica-

tion vis m — 7y decay channel (B,_,,, = 98.8% [I1]). Hadron calorimeter (HCAL) is
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Figure 3.8: Resolution on the reconstructed track parameters at the production vertex
of the track: momentum resolution as a function of track momentum (left), impact
parameter resolution as a function of 1/pr (right). For comparison, the momentum and
transverse-momentum spectra of B-decay particles are shown in the lower part of the
plots. [92]

designed for trigger needs. It marks the presence of neutral hadrons. Muon stations,
placed behind the rest of the detection modules are designed to detect muons which are
the unique case of highly penetrative charged particles. The Ring imaging Cherenkov

detectors provides separation of different types of quasi-stable hadrons.

RICH

Unlike the ATLAS and CMS experiments, the LHCb detector includes powerful in-
struments for particle identification. There are two RICH detectors in LHCb, covering
intervals of low (RICH1) and high (RICH2) momenta, see Fig [3.11] (right). RICH1
detector is set between the VELO and the Trigger Tracker. It contains aerogel and
fluorobutane (C4F19) gas radiators, providing particle identification in momenta range
(1..60) GeV/c. The second detector, RICH2, is placed between the last tracking station
and the first muon station. It contains a CF,4 gas radiator, providing particle identifica-
tion in the (15..100) GeV/c range for particles within the reduced polar angle acceptance

of £120 mrad in horizontal and £100 mrad in vertical projections [91]. Their goal is par-
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Figure 3.9: Distributions of the decay time of BT — Ji K (top left), B — Jh K*°
(bottom left), B, — Jib¢ (top right), AY — JAapA (bottom right) and associated
residual uncertainties. The data are shown by the black points; the total fit function by
the black solid line; the signal contribution by the red dashed line and the background
contribution by the blue dotted line. [95]

ticle identification which is a fundamental requirement for the LHCb. Mostly they are
designed for hadron discrimination. Basically, the RICH detectors allows to distinguish
between pseudo-stable hadrons: p(p), K=,

Both RICH detectors are aligned to the LHCb coordinate axes. RICH1 is placed
between 990 mm and 2165 mm along z axis. The material budget of the detector is
minimised to radiation length 8% Xy. The lower value of the acceptance 25 mrad interval
is limited by the beryllium beampipe. The Hybrid Photo-Detectors of the RICH need to
be shielded from the LHCb dipole magnet with iron shield boxes [96]. A schematic view
of the RICH1 detector is shown on Fig . Charged hadrons come to the detector
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Figure 3.10: Side scheme of the RICH1 (left) and RICH2 (right) detectors.

volume from the VELO exit window at the left. They pass aerogel plates, producing
cones of Cherenkov light. The light rings projections are reflected by spherical mirrors
to flat mirrors. Than light goes to the sensitive surface of photomultipliers.

RICH2 detector is placed between the last tracking station and the first muon station
M1 (9450 mm < z < 11900 mm). As for RICH1, the HPDs of the RICH2 are hidden
in large iron shielding boxes. Due to the necessary void space of 45 mm around the
beampipe, the RICH2 has a smaller angular coverage, 15 mrad. The photon detectors
and the supporting structures are placed outside the acceptance and the HPDs are
located left and right of the beampipe [97]. The RICH2 geometry is similar to the
RICH1 turned around z-axis except there is no aerogel plates. A schematic view of the
RICH2 detector is shown on Fig|3.10(b)]

Cherenkov rings generally overlap with many others. A track is defined as isolated
when its Cherenkov ring does not overlap with another ring from the same radiator.
The rings from isolated tracks provide a performance test, since their Cherenkov angle
can be predicted. In Fig.|3.11|one can find the Cherenkov angle as a function of particle
momentum. It is clearly seen, that events are separated into areas with respect to their
mass. Despite the fact that the RICH detectors are designed mainly for the hadron

identification, a distinct muon area can also be observed.

One can study the separation power between a pair of chosen particle types, using the
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Figure 3.11: Reconstructed Cherenkov angle as a function of track momentum in the
CyFyo radiator (left) [98]. Polar angle 6 versus momentum, for all tracks in simulated
BY — 771~ events. The regions of interest for RICH 1 and RICH 2 are indicated by
the dashed lines (right) [99].

log-likelihood values obtained from the control channels. Fig. shows discrimination
of protons and pions when imposing the PID requirements log £(p—m) > 0 and log £(p—
m) > 5, and the discrimination achievable between protons and kaons when imposing
the requirements log L(p — K) > 0 and log L(p — K) > 5. Particle identification plays
an important role in the current. For pp candidates spectra with different PID selection
criteria see sec. 4.4

Low background signals can be reached using PID information from the RICH detec-
tors. On Fig[3.12|one can see how information from RICH detectors allows to distinguish
different decay modes of B-mesons.

The high purity samples of the control modes can be reached through kinematic
requirements, but the residual background must still be accounted for. To distinguish
background from signal, the (Plot technique [I00] is used, where the invariant mass
of the resonance is used as the discriminating variable. The mass distribution of the
A — pr~ decay in Fig is given as an example.

Calorimeters

The calorimeter system of LHCb consists of the Preshower detector for e/~ discrimi-
nation, Scintilating Pad Detector (SPD), Electromagnetic and Hadron calorimeters.
The LHCD includes a sampling electromagnetic calorimeter, which consists of layers

of plastic as a sensitive volume and lead plates as an absorber. Light is transported from
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Figure 3.13: Invariant mass distributions of the A — pm~ both background and signal,
is superimposed in blue [08].

the scintillation layers by wave-length shifting plastic fibers. In general, the main goals
of the ECAL are electron and v identification and energy measurement. The energy
resolution of the ECAL is estimated to be [102]

op/E =10%/VE & 0.9%, (3.2)

energy F in GeV. Due to the high granularity, it also performs the /7% discrimination.

The HCAL consists of an iron absorber and plastic scintillator tiles. Because of
insufficient energy resolution, it is mostly used at the trigger level. The HCAL provides
about 70% of L0 trigger output. The energy resolution of the HCAL can be estimated
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as [102]
op/E =69%/VE ® 9%, (3.3)

energy F in GeV.

The ECAL and HCAL are performed in a similar way. Both detectors have a rect-
angular shape with 300 x 250 mrad angular coverage. The ECAL consists of 6016 cells
in the inner, middle and outer regions, and the HCAL consists of 1488 cells in the inner

and outer regions. The light collected in each cell is delivered to the photomultiplier.

Muon system

Muon triggering is one of the fundamental requirements in the LHCb experiment.
Muons occur in many B-meson decay modes, several quarkonium states also decay
to the pair of muons.

The muon system consists of five rectangular muon stations separated by a thick
layers of iron absorber. The minimal muon momentum, sufficient to cross all five sta-
tions, is about 6 GeV/c [91]. Stations M2 to M5 are placed after the calorimeters, while
the M1 station is installed before the ECAL. Stations M1-M3 have a high spatial reso-
lution along the = coordinate axis. Thus they are used to define the track direction and
to calculate the momentum of the candidate muon with a resolution of 20%. Stations
M4 and M5 have a lower spatial resolution, they are used mainly for the identification

of the penetrating particles. The muon system solves two tasks: triggering muon events
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and measurements of muon momenta. Multi-wire proportional chambers (MWPC) are
used for all regions except the inner region of station M1 where the particle flux exceeds
radiation damage limit.

For the sufficient spatial resolution and rate capability that vary over the detector
system, several technical solutions are employed for the MWPC in regions. The cham-
bers are divided into pads: anode wire pads or cathode pads in the MWPCs and anode
pads in the GEM chambers. Each physical pad is read out by one front-end electronics
channel [97].

3.2.3 Trigger

The LHCb experiment operates at an average luminosity of about 2 x 1032cm~2s7!,

which leads to a crossing frequency of about 10 MHz. To reduce it to storable event
rates, LHCb employs a two-level trigger system, including a hardware (L0) trigger and
a software (HLT) trigger implemented in a processor farm. The LHCD trigger system
design is shown in Fig. |3.15] The LO reduces the rate to about 1 MHz, and the LO
triggered events are passed to the first stage of the software trigger (HLT1), which
partially reconstructs events, confirming (or not) the L0 decision. A second level of the
software trigger (HLT2) processes fully reconstructed events, which are then stored.
[T03]
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Figure 3.15: The LHCD trigger scheme.

At the nominal LHCb luminosity, the expected frequency of the bb pair production
is about 100 kHz. However, only about 15% of these events have at least one B-meson

with all its decay products in the detector acceptance. In general, the trigger system is
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optimised to obtain a high efficiency for the events, selected in the offline analysis and
reject the background as strongly as possible. [91].

The LO trigger is divided in three subsystems: the pileup, calorimeter and muon trig-
ger. It reconstructs the highest Er electron, photon and hadron clusters in calorimeters
or the two highest pr muons in the muon chambers. A pile-up system in the VELO
estimates the number of primary vertices per each event. The total energy deposit in
the calorimeters is integrated, and the number of tracks is estimated, using the number
of hits in the SPD [91]. This information helps to reject potentially useless events, so
they do not occupy the HLT system. The LO Pile-Up system helps to calculate the
luminosity [104].

The LO Calorimeter system sums-up the transverse energy deposit in clusters of

2 x 2 calorimeter cells, which is defined as

4
Ep =) E;sing;, (3.4)
i=1
where E; is the energy deposited in cell ¢ and cos 6; is the angle between the z-axis and
a neutral particle trajectory. Three types of event can be built, combining information
from different parts of the calorimeters. A hadron candidate decision (LOHadron) is
based on the highest Er in the HCAL cluster. It is used widely in the analyses, which
employ hadron final states, see for its efficiency for different flavour physics chan-
nels. A photon candidate (LOPhoton) is defined by the highest Et deposit in the ECAL
cluster with at least one preshower (PS) cell hit and no hit in the corresponding scin-
tillating plate detector (SPD) cells. An electron candidate has the same requirements
as the photon candidate except it needs addition at least one SPD cell hit before the
PS cells.

There are four L0 muon processors, corresponding to each quadrant of the muon
detection system. Each of them tries to identify the two muons with the largest and
second largest transverse momentum. They search for hits that makes a straight line
through all the muon stations, starting at the interaction point. In the x/z plane only
muons with pr > 0.5 GeV/c can be reconstructed.

The HLT is a program written in C++ language. It runs on the Event Filter Farm
(EFF), which contains up to 2000 computing nodes. Due to the 1 MHz input rate and
limited calculation power, the HLT system operates only with a part the information of
the event [103]. The first trigger level, HLT1, processes the full LO output and reduces

the event rate to 43 kHz using partial event reconstruction. After this, the second trigger
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[104]

level performs a more detailed event reconstruction [104].

The set of reconstruction algorithms and selections make ”trigger lines”. They return
an accept or reject decision. Combinations of the trigger lines and L0 parameters form
a trigger with the associated Trigger Configuration Key (TCK).

LHCb is going to perform detector detector upgrade in 2018. There will be a fully
software based trigger that will be operated at higher luminosities. [104]

3.2.4 LHCDb physics program

The LHCDb experiment is a dedicated heavy flavour physics precision experiment whose
main aim is to probe physics beyond the Standard Model, by studying the very rare
decays of beauty and charm-flavoured hadrons and by measuring CP-violating observ-
ables precisely. In the past years, the B-factories have confirmed that the mechanism
proposed by Kobayashi and Maskawa is the major source of CP violation observed so
far. The SM description has been confirmed at a level of 10-20% accuracy in the b — d
transitions, while new physics effects can still be large in b — s transitions. For exam-
ple, by modifying the B, mixing phase ¢, , measured from B? — J/i) ¢ decays, or in
channels dominated by other loop diagrams, such as the very rare decay BY — utpu~.
[105]

The LHCDb physics program is inserted in the broader physics program of the other
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experiments at the LHC accelerator, which is designed and built to achieve the highest
energy collisions available at accelerators ( /s = 7TeV in 2010 and 2011 and /s =
8 TeV in 2012). In such an environment, high precision measurements can reveal new
physics phenomena as differences with Standard Model predictions. Flavour physics can
then provide hints of new phenomenology before the direct discoveries of new particles
as performed by the two LHC general purpose detectors ATLAS and CMS. LHCb
will extend the b-physics results from the B factories by studying decays of heavier b
hadrons, such as B or B, . LHCD explores a wide range of measured decays, reaching
channels that are strongly suppressed in the SM and to improve the precision of the
measurements to achieve the necessary sensitivity to new physics effects in loops. [105]

The LHCb experiment mainly focuses on studying CP violation and rare decays in
the b sector. As in the case of the Tevatron, all flavours of b-hadrons are produced at the
LHCb experiment (By, By, Bs, Be, Ay, ...). Because of its unique parameters (angular
coverage, hadron final states identification, trigger), the LHCb detector is optimal for

precision studies of rear heavy flavour physics. [106]



Chapter 4

Measurement of charmonium
production via decays to pp final

state

4.1 Introduction

In the present analysis, the charmonium states are reconstructed using the pp final
state. This is done for the first time for the promptly produced charmonium states in
a hadronic machine environment, while the analysis of charmonium production from
b-hadron decays has been recently performed. Also, results from e"e~ machines are
available, see Chapter [2| for more details.

Using the pp final state, we measure the prompt 7. production cross section in the
pp collisions at /s = 7TTeV and /s = 8TeV centre of mass energy, as well as the
. inclusive yield from b-hadron decays. At the LHC energies, all the weakly decaying
b-hadron species, BT, B°, B,, B. mesons and b—baryons, contribute to the b-hadron
sample.

The 7, production measurements are performed using the topologically and kinemat-
ically similar J/4b — pp normalisation channel, which allows systematic uncertainties
to partially cancel in the ratio. Indeed, the . — pp and J/ib — pp decay topologies are
similar and the masses of 7). and J/i) states are close: 2(M ju, —M,,.) /(M jp +M,,.) =~ 4%.
The cancellation relies on approximately equal reconstruction, trigger and selection ef-
ficiencies.

The sample of charmonium produced in b-hadron decays, where charmonium states

decay into proton-antiproton, was used to find the mass difference AM ;. = M 5 —

68
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M,

nes and the 7. natural width I'y . The marginal agreement between the latest re-

sults on the 7. mass and natural width measurements motivates the determination of
AM ypp ye = Myp, — M, and I, using a different technique or final state in the present
analysis.

In addition, the y,. subfamily and h. state production studies are performed. We
set limits on the relative production cross-sections for promptly produced charmonium

states and for inclusive b-hadron decay production.

4.2 Monte-Carlo simulation and data sets

The present analysis uses the pp collision data recorded by the LHCb experiment at
Vs =7 TeV in 2011 and at /s = 8 TeV in 2012. The analysis is based on an inte-
grated luminosity [ Ldt ~ 0.7 fb~! accumulated in 2011 and an integrated luminosity
of [Ldt ~ 2.0 fb~! accumulated in 2012. All subsystems of the LHCb installation
were stable and fully operational while data corresponding to the present analysis were
recorded.

The Monte-Carlo simulated events (MC) for this analysis were obtained using the
PyTHIA event generator and GEANT4 package. The following MC samples have been
used to study the 7. and J/ip mass resolution, as well as the contribution from the
Jfp — ppr® channel: 1.2M events with J/i) — pp (0.6M events magnet “up”, 0.6M
events magnet “down”), 0.8M events with 7. — pp (0.3M events magnet “up”, 0.5M
events magnet “down”), For the J/) — ppr® process simulation a simple phase-space

model has been used, 0.1M events were generated (all events magnet “down”).

4.3 'Trigger and stripping

The basic level LOHadronDecision TOS trigger is applied for both prompt charmonium
production analysis and the analysis of inclusive charmonium production from b-hadron
decays.

The dedicated trigger lines HLT1,2DiProtonDecision _TOS are used for the analysis
of prompt charmonium production and charmonium production from b-hadron decays
for both 2011 and 2012 data. The HLT1DiProtonDecision TOS trigger line selects two
oppositely-charged tracks, pointing to the same vertex, with proton and charmonium
transverse momentum cuts applied: pr(pp) > 6.5 GeV/e, pr(p), pr(p) > 1.95GeV/c. In

order to reduce the event rate, the information from Ring-Imaging Cherenkov (RICH)
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detectors is used at the trigger level to separate protons from pions and kaons. To reduce
the trigger rate, strong cuts on particle identification and event multiplicity are applied
already on the trigger level, see Table [4.1] The dedicated pp trigger lines were not
operational at the beginning of the 2011 data taking, so that the integrated luminosity
used for the analysis is reduced from 1 fb™' to 0.7 fb~* for the 2011 data sample.

The HLT1Global TOS, potentially usable for the charmonium production from b-
hadron decays analysis in order to increase statistics for the 7. and J/i) signals, in-
troduces a more complicated background shape close to the 7. peak, and to avoid
ambiguous results, was not used.

Data were processed with the reconstruction algorithm Reco14, and then stripped
with the stripping line StrippingCcbar2PpbarLineDecision version 20rl. Trigger and

stripping selection criteria are summarised in Table 4.1

variable trigger | stripping
protons pr, GeV/e > 1.95 | > 1.95
track x?/NDF | — <4
Alog LP7T > 15 > 20
Alog LP~E >10 | >15
charmonium | pr, GeV/e >65 | >6
vertex x? — <9
multiplicity | SPD multiplicity | < 600 | < 300

Table 4.1: Selection criteria for prompt charmonium candidates and charmonium can-
didates from b-hadron decays

4.4 Selection criteria

Selection criteria are optimised using the J/i) — pp sample by maximising the signif-
icance of the signal, S = N,/ \/m, where Ny, and N, are the numbers of
signal and background events respectively. The number of background events is ob-
tained by fitting data samples with the background fit function (see section for the
fit model description). The signal yield is taken from the Monte-Carlo sample with the
corresponded normalisation (see section and with all cuts applied. The selection
criteria optimisation plots are shown on Figs. 2| (candidates from b-hadron decays) and
(prompt candidates) in Appendix

The 7. and J/ip candidates are reconstructed from oppositely charged tracks iden-
tified as protons by the LHCb detector. Both proton track candidates are required to
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have a good quality of track reconstruction, x?/ndf < 4. In order to suppress combi-
natorial background, the proton tracks are required to have transverse momenta larger
than 2 GeV/c and momenta larger than 10 GeV/c.

Proton-pion and proton-kaon misidentification is suppressed using the informa-
tion from the RICH detectors. The proton identification cuts Alog £P~% > 15 and
Alog LP7™ > 20 have been used. Because of quite similar kinematics between 7. and
J/ decays, the proton identification related efficiency mainly cancels in the ratio.Larger
values of the identification cuts, Alog £L2~% > 20 and Alog £LP~™ > 25, have been ap-
plied as a cross-check. The yield ratio Néz /N }71!) for prompt production was obtained
to be 1.15 4+ 0.35 using the 2011 data sample, and 1.22 £ 0.20 using the 2012 data
sample. The yield ratio N;?c /N f/ " for charmonium production from b-hadron decays,
was obtained to be 0.35 £ 0.09 using the 2011 data sample, and 0.28 4 0.05 using the
2012 data sample. The observed difference is small compared to the statistical error. In
addition by tightening the PID cuts, statistical significance degrades, and comparison

is only qualitative.

High transverse momentum of the charmonium candidates, pr > 6.5 GeV/c, is al-

ready required at the trigger level.

The chosen set of selection criteria for prompt production analysis and for the anal-
ysis of inclusive charmonium production from b-hadron decays, was aimed at keeping
for the two analyses as close as possible, so that fit parameters can be translated from
the analysis of inclusive charmonium production from b-hadron decays, to the prompt

charmonium production analysis.

In order to distinguish between promptly produced charmonium candidates and
charmonium candidates from the b-hadron decays, the impact parameter of the proton
tracks and the pseudo-proper lifetime 7, are used. The impact parameter of the proton
tracks is chosen to be x?/ndf > 16 in order to select charmonium candidates from

b-hadron decays. The 7, value is defined as
T, = L PP (4.1)

where z, and z; are the z-coordinates of primary and secondary vertices respectively,
M, is a reconstructed charmonium mass and p, is the longitudinal component of its
momentum. The 7, < 80 fs and 7, > 80 fs selection criteria are used to select prompt
charmonium candidates and charmonium candidates from b-hadron decays respectively.

The 7, spectra for different sources of charmonium candidates are given on Figs. |4.1
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and ?? for prompt and secondary charmonia candidates, respectively.

10° LHCb simulation

102

Entries / 0.02 ps

10

2
t, [ps]

Figure 4.1: Distribution of the pseudo-decay time ¢, for simulated J/ip — pp signal
selected by the prompt production analysis. All selection criteria but the ¢, requirement
are applied. The t, threshold is shown with the red vertical line. Empty and filled
histograms correspond to prompt charmonia and charmonia from b-hadron decays,
respectively.

A stability of the 7. to J/i production ratios against the 7, cut value variation
was checked by applying an alternative value of 120 ps of the cut. Then the yield
ratio Néi /N 5 " for prompt production was obtained to be 1.21 + 0.22 using the 2011
data sample, and 1.08 & 0.21 using the 2012 data sample. The yield ratio N,i/NfMJ for
charmonium production from b-hadron decays, was obtained to be 0.3040.06 using the
2011 data sample, and 0.31 4 0.04 using the 2012 data sample. The difference of these
values with respect to the values, corresponding to the 80 ps cut, is small compared to
the statistical error.

Offline optimisation of the selection criteria finally suggests essentially to keep all
events available after the trigger. Table summarises selection criteria for both the
prompt production analysis (set of cuts I) and the analysis of charmonium production

from b-hadron decays (set of cuts II).

4.5 Analysis procedure

The main purpose of the analysis is the measurement of the cross section for prompt

n. production relative to that of J/i. For a given charmonium state A, the number of
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Figure 4.2: Distribution of the pseudo-decay time ¢, for simulated Jji) — pp signal
selected by the analysis of charmonia production in b-hadron decays. All selection cri-
teria but the £, requirement are applied. The ¢, threshold is shown with the red vertical
line. Empty and filled histograms correspond to charmonia from b-hadron decays and
prompt charmonia, respectively.

promptly produced A decaying to a pp pair is given by
NF = /ﬁdt X 0(A) X Basspp, (4.2)

where [ Ldt is an integrated luminosity, o(A) is a prompt production cross section and
B a—spp is the branching fraction for the A — pp decay channel. For charmonia produced

in b-hadron decays, we can write
NS = /,Cdt X O'(b) X Bb—>AX X BA—HD@ (43)

where (b) is the b-quark production cross-section, and By, 4x is an inclusive branching
fraction of 7. production in b-hadron decays. The ratio of the 7. to J/i) production can

be written as: b,
Nnc B a(ne) X By —pp

= (4.4)
NPT o(Ij0) % By
for prompt production and
N"i — BbﬁﬁcX X B c—pp (45)
N j% BbaJ/@Z;X X BJ/¢~>pﬁ
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set of cuts I: set of cuts II:
variable prompt analysis of production
production analysis | in b-hadron decays
protons pr, GeV/e > 2.0 > 2.0
p, GeV/e > 10.0 —
track x*/NDF <4 <4
Alog LP7T > 20 > 20
Alog LK > 15 > 15
charmonium pr, GeV/e > 6.5 > 6.5
vertex x? <9 <9
rapidity y 2<y<45b 2<y<45
multiplicity SPD multiplicity | < 300 < 300
separation of prompt | proton track IP | — > 16
production versus lifetime 7,, fs < 80 > 80
inclusive production
in b-hadron decays

Table 4.2: Selection criteria for prompt charmonium candidates and charmonium can-
didates from b-hadron decays

for charmonia from b-hadron decays.

4.5.1 Effect from cross-talk between the samples

The cross-talk between the two samples, selecting prompt charmonium candidates and
charmonium candidates from b-hadron decays respectively, is caused by the non-perfect
separation using the proper time cut, and is estimated using MC. Production yields, i.e.
the numbers of produced particles, which decay into the pp final state, and the observed
yields for prompt component and candidates for charmonium production from b-hadron

decays are thus linked:

nP — EPA)PNP + ESHPNS
(4.6)

nS — SSNS 4 POSNP

where n and n® are yields of A observed in the prompt charmonium sample and the
sample of charmonium produced in b-hadron decays, ep_, p is an efficiency for promptly
produced charmonium as selected using the set of cuts I for prompt production analysis,
ep_s is an efficiency for promptly produced charmonium as selected using the set of
cuts II for production from b-hadron decays analysis, and the efficiencies e5_,¢ and €5_, p
for charmonium produced in b-hadron decays are defined in similar way. The values of
the efficiencies ¢”>5755 obtained from MC, are shown in Table [4.3]
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efficiency | Jib — pp, | Jip — ppr® in the

x1073 (2850..3250) MeV/c? range
prompt charmonium | e’ =% 6.03 £0.06 | 0.76 + 0.04
production analysis | €577 0.45 + 0.06
analysis of charmonium | €577 7.70 £0.23 | 0.45+£0.06
production in b-hadron | /=% 0.04 £ 0.01

decays

Table 4.3: Efficiencies and cross-talk for prompt charmonium production and for char-
monium production from b-hadron decays, as obtained from MC. The errors reflect the
available MC statistics

Solving equations (4.6)), the number of promptly produced charmonium:

6S—>SnP o 6S—>PnS

NP = (4.7)

EP%PESHS _ EPaSGSﬁP

and the number of charmonium produced in b-hadron decays:

VS P=PpS _ (PSP

(4.8)

eP—=PS5—=S _ (P—=SS—=P

Assuming efficiencies for 7. and J/ip to be close (according to MC simulation the ef-

ficiencies differ by less than 0.5%), €,. =~ €, the 1. to J/i) event yield ratio can be

written:
NP TLP 6S%S o nS GSHP
N;C = P 555 5 SoF (4.9)
apo M€ T M€
for prompt production, and
NS nS EP%P _ nP EP%S
Ngc = 5 5P P 5B (4.10)
g T T €

for the inclusive charmonium production in b-hadron decays.

4.5.2 J/y polarisation

Non-zero polarisation in the J/i) production requires an additional efficiency correction.
Efficiency ratios are reweighted in bins of rapidity y and pr (see Fig. and Fig. 4.4)

using the J/i) polarisation measurement [37], using the following weights:

Wi,; = 14 A(Q)lﬁ (3082 0 s (411)
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where 6 is the angle between the proton direction in the J/i) rest frame and the J/i
boost, and the polarisation coeficients A\(6);; are taken from Ref. [37] for different
pr and rapidity ranges, marked with indices ¢ and j respectively. Normalisation of the
weights is performed with the numerical integration of the ROOF1T package. Corrections
to the efficiency ratio €, /e, are shown in Table .

(5..7) GeV/e (7..1O];TGeV/c (10..15) GeV/e

(2.0..2.5) | 0.92+0.04  0.95+0.02 0.98 = 0.01
y (2.5.3.0) | 0.95+0.02 0.97+0.01 0.98 +£0.01
(3.0..3.5) | 0.96£0.03 0.97+0.01 0.98 £0.01

Table 4.4: Corrections weights w; ; due to J/i) polarisation, in bins of pr and rapidity
y. For the rapidity interval (3.5..4.5) the coefficient is assumed to be 1.0. For each bin
correlated and uncorrelated uncertainties are summed

Polarisation in other dimensions is found to be negligible: A(¢); ; >~ A\(0¢); ; > 1, see
Ref. [37].

The event yields enter in ratios and are corrected by the ratio of corresponding effi-
ciencies. The efficiencies are taken from MC, which reasonably describes the difference
in the phase space regions. The correction from the polarisation measurement [37] is
then introduced. Effects of a possible difference in the pr spectrum between J/i» and

n. are addressed as a possible source of systematic uncertainty in section

4.5.3 Fit of the invariant pp mass distribution

The corresponding data sample, the set of cuts and details of the selection procedure
are addressed above in section [4.4]

The number of reconstructed 7. and J/ip candidates is extracted from an unbinned
maximum likelihood fit of the pp invariant mass spectrum. The fitting procedure is
performed using Minuit minimiser from the ROOFIT package. The chosen algorithm
strategy is migrad.

The fit range of the pp invariant mass spectrum is chosen to be (2850..3250) MeV/c?.
For masses below this range the spectrum is distorted due to the trigger effects. Above
the upper limit many reflections from higher charmonia states are expected, as explained
in section [£.5.5]

Because of the secondary vertex requirement, combinatorial background is lower for

charmonium candidates from b-hadron decays, so that 7. and J/i) signals are relatively
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Figure 4.3: J/i) cos(#) reweighted in the transverse momentum and rapidity bins, Monte-
Carlo simulation. Solid red lines represent reweighted MC sample, dashed red lines
represent polarisation parameter error and black crosses are for unweighted MC distri-
butions.

clean.The signal parametrisation was extracted from the pp invariant mass spectrum
fit, corresponding to the sample of 7. and J/i) candidates from b-hadron decays, and

then applied to describe the prompt charmonium production candidates in section 4.7,

4.5.4 Signal parametrisation

The shape of the signals result from the detector response, and the natural width in
the case of the 7, resonance.

For the J/i) signal description we use a double-Gaussian function:

(M — Myp)* (Mypy — Myp)?

- a 2 b 2
fJ/w ~kxe <O-J/¢) + (1 — k?) X e (0-‘]/1’/}) (412)

In the case of the 7. signal description, its natural width I'; is comparable with the

detector resolution o%®. The 7, peak is thus decribed using a convolution of double-
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Figure 4.4: J/i) cos(0) spectrum integrated over the transverse momentum and rapidity
bins, Monte-Carlo simulation. Solid red lines represent reweighted MC sample, dashed
red lines represent polarisation parameter error and black crosses are for unweighted
MC distributions

Gaussian and Breit-Wigner functions:

(Mnc - Mpﬁ)2 (Mnc - Mp’)Z

fo | kxe @ Lapmxe @' | gBW(OM,.T,) (413)

A relativistic Breit-Wigner probability density function (PDF) is written as in
Ref. [11]:

1 1

~ 2 )
(E? = M?)>+ MPI2(E) B (p Af)2 4 1r2(R)

BWrelativistic ~ (414)

where F is the centre-mass energy, M is the mass of decaying resonance and I'(F) is

its natural width: 9L41
P(E) =T (%) By (q(E). q(M)) (4.15)

Only S-wave should be considered: the 7. spin J = 0, so due to angular momentum



Charmonim production measurements with pp 79

and helicity conservation the pair of protons can not be created in a state different from
L = 0. In this case, the factor By(q(E),q(M)) = 1. One can see that equation (4.14)
differs from zero over the range of a few I' from central value M only: ffgr BW(E) ~
0.70. For an 7, resonance the natural width is small compared to its mass: I, /M, =
(1.00 + 0.03)% [11]. Hence E ~ M, and with the approximation (E + M)?/4M? ~ 1
we simplify equation to a non-relativistic Breit-Wigner shape:

1

(B — M,,)? + 512,

BW ~

(4.16)

This PDF, convoluted with the double-Gaussian, is used for the 7. signal parametrisa-
tion in the present analysis.

MC simulation gives the ratio of J/) and 7. resolutions to be o /Jf}/w = 0.88 +
0.02, and the ratio of the two Gaussian widths to be o5, /crf’]/w = 0.50 £ 0.03 and the
fraction of the “narrow” Gaussian component (¢%) k to be about 90% for both prompt
charmonium production samples, and charmonium candidates from b-hadron decays.
The above parameter ratios are fixed in the fit to the MC central values and then varied
within error bounds to estimate systematic uncertainties. The fit results from the MC
sample are shown in Table

J/p, prompt | J/p, b-hadron decays | 7., b-hadron decays
sample sample sample

Mass, MeV/c? | 3096.84 4+ 0.10 | 3097.32 + 0.28 2980.12 £+ 0.02

T, MeV 29.7

0%, MeV/c? 7.14+0.2 7.0£0.5 6.24+0.1

ob, MeV/c? 1414+14 15.4£3.3 related to O’S/w

k 0.90 +0.04 0.86 + 0.09 related to ks

Table 4.5: The J/p and 7, fit results from the MC samples. Mass M, resolution of
two Gaussian functions ¢%? and contribution of the “narrow” Gaussian function k are
shown

The J/ip peak position My, and the mass difference M, — M, are fitted to the
data in the analysis of charmonium production in b-hadron decays. Both 7. to J/i
mass difference and the 7. natural width from the fit agree with the PDG (Particle
Data Group) values [I1] within errors, as seen in Table These values for the J/
mass and the difference between the J/b and 7. mass values are then used to apply
Gaussian constraints in the fit to the proton-antiproton invariant mass spectrum in the

prompt production analysis.
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Figure 4.5: The pp invariant mass of the MC samples: prompt J/i) production (left),
inclusive J/ip (centre) and 7, (right) production in b-hadron decays. The results of the
fit are shown in Table The effect from the 7, natural width is explicitely excluded

In the analysis of charmonium production from b-hadron decays, in the fit of the
pp invariant mass spectrum the J/i) mass resolution is considered as a free parameter
while the ratio of the two Gaussian functions resolutions ¢%/c” and the ratio of 7.
and J/ip resolutions o, /0, are fixed to the MC values and the variation of these
parameters within error bounds are included in the systematic uncertainty estimate
The natural width of the 7. resonance is also considered as a free parameter in the
analysis of charmonium production in b-hadron decays.

Note, that only the ratios of the resolutions are used from the MC simulation, while
the absolute values are determined from the narrow and significant J/i) peak from the
analysis of the charmonium production in b-hadron decays. The only other assumption
verified on the MC samples only, is that the resolution is similar for the prompt char-
monium production and charmonium production in b-hadron decays. We argue below
that the knowledge of the resolution does not dominate the systematic uncertainty for

the prompt charmonium production measurement nor for the measurement of inclusive
charmonium production from b-hadron decays.

4.5.5 Background parametrisation

The combinatorial background is parametrised using an exponential function

Besides the combinatorial background, proton-antiproton pairs from (higher) char-
monium state decays to three and more particles can produce a reflection in the pp
invariant mass spectrum. The pp combinations from the 1. — ppX processes are not

taken into account since they potentially distort the spectrum below the fitting range



Charmonim production measurements with pp 81

The closest to the range of interest is the 1. — ppn decay. It contributes to the mass
range below M, — M, = 2983.7 — 547.9 = 2433.1 MeV/c?, well below the lower limit of
2850.0 MeV/c?.

The only notable reflection from the J/) meson is J/b — ppr® with the contribution
up to My — Mo = 3096.9 — 135.0 = 2961.9 MeV/c?, which potentially affects the 7,
region. This process is specifically included in the background description.

We describe the contribution from Jj) — ppr® around its threshold region, and

parametrise the corresponding pp invariant mass spectrum by a square-root shape:

My — My — M if M < My — Myo |

fJ/dz—)p;EwO (M) ~ .
0 1fM>MJ/¢—MTr0,

(4.17)

convoluted with the double-Gaussian function to account for the detector resolution,
where M is the proton-antiproton invariant mass. This PDF contains no free parameters
except a normalisation. With the efficiencies estimated from MC, and the branching
fractions of the J/i) — pp and Jip — ppr® channels known [I1], the yields of these

channels are linked as:

€Jp —ppr© % B Jf3p —ppm©

€J/b—pp B Jb—pp

TR —ppr® = Mpp—pp X (4.18)
Taking By —ppro / Bipp—ps = 0.55£0.04, and €y, ppr0 /€ 5 —pp = 0.06 for the analysis of
charmonium production from b-hadron decays and €, 50 /€15 —pp = 0.12 for prompt
production analysis (Table , we conclude, that the J/ip — ppr® channel produces a
non-peaking contribution to the pp invariant mass spectrum, which amounts to between
3 and 6% of the J/ib — pp signal. The efficiency is estimated for the restricted invariant
mass range.

Applicability of the shape from equation is verified using the MC sample, as
shown in Fig. [4.6]

The suggested model shows a good agreement with MC, x?/ndf < 1 for both the
prompt charmonium production analysis sample and the sample corresponding to char-

monium production from b-hadron decays, with and without trigger requirements.

4.5.6 Possibility of alternative approach

A more straightforward method to obtain the event yield for prompt production com-

ponent and the component of charmonium production from b-hadron decays, would
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Figure 4.6: Fit of the pp invariant mass from the J/i) — ppr® MC prompt J/p sample
(left plots) and a sample of J/i from b-hadron decays (right plots) with (top plots) and

without (bottom plots) trigger requirements

be to perform the 2D fit, as used for the Jip — p™p~ analysis [49] 37, 50]. However,

in the present analysis, the statistics are significantly smaller, and also the signal-to-

background ratio is much worse. In addition, the event mixing methods, like the “next”

event method used to determine the wrong vertex contribution in the Jip — ptu~

analysis, do not work here. As a result a few percent of the signal is lost by imposing

the prompt charmonium production versus charmonium production in b-hadron decays

separation cuts, and up to 10% of the other component is explicitly subtracted, instead

of being fit. The uncertainty introduced is small compared to the overall systematic

error of the results.
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4.6 Inclusive 7. and J/iy production in b-hadron de-

cays

4.6.1 Analysis with the 2011 and 2012 data samples

The pp invariant mass spectrum from b-hadron decays is shown on Fig. for the 2011
data sample, and on Fig. for the 2012 data sample.

The spectra were fit using the unbinned likelihood method, taking into account the
signal and background components. The long-dashed cyan line corresponding to the
J/ signal is described using a double-Gaussian function. The long-dashed red line cor-
responds to the 7, signal and is described using a double-Gaussian function, convoluted
with a Breit-Wigner function. The background component, comprising the contribution
from the Jjip — ppr® decay with non-reconstructed pion is described by the dashed
yellow line, and the combinatorial background is described by the exponential. The
J/p — ppr® contribution is related to the J/) yield, which is defined by the Jji) — pp
yield, as explained in section . The relative Jfip — ppr® to JAp contribution is
fixed in the fit. The results of the fit are shown in Table [4.6], where only the statistical

uncertainties are shown.

fit 2011 data fit 2012 data combined data
nSC 645 £+ 133 1372 £ 188 2020 4 230
m 2000 + 67 4110 £ 94 6110 + 116
My, MeV/c? 3096.50 £ 0.34 | 3096.74 4+ 0.23 | 3096.66 + 0.18
My — M., MeV/c? 113.1£2.4 115.8£1.9 114.9+1.5
aﬁ/w, MeV/c? 8.6+ 0.3 8.440.2 8.5+ 0.2
Iy, MeV 23.0£9.0 27.3+£6.3 26.1 5.2
exponential slope, x1073 | —2.66 & 0.09 —2.71 = 0.06 —2.721+0.04

Table 4.6: Results of the fit of the proton-antiproton invariant mass spectrum for char-
monium candidates from b-hadron decays, for the 2011 and 2012 data samples. The
event yields, J/i mass and the J/ip to 7. mass difference, 1. natural width and res-
olution are shown, as well as the background parameters. The details of the fit are
described in the text

Comparing the fit results of the Ji) and 7, signal from data (Figs. and [4.8]
and Table and from the MC double-Gaussian signal parametrisation (Fig. and
Table , we conclude that the MC underestimates resolution effects by more than
20%.

The resolution and the 7, natural width are then fixed to their central values,
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Figure 4.7: Proton-antiproton invariant mass spectrum for candidates coming from
a secondary vertex, the 2011 year data sample. Solid blue line represents the fitting
curve, long-dashed cyan line corresponds to double-Gaussian function for the J/i) signal,
long-dashed red line corresponds to the double-Gaussian function, convoluted with a
Breit-Wigner function for the 7. signal, dashed yellow line corresponds to J/i — ppr®
spectrum with non-reconstructed pion.More details and fit results are described in the
text

obtained from the analysis of charmonium production in b-hadron decays, in the fit

to the pp invariant mass spectrum from the prompt selection, 03}5011 = 8.6 MeV/c?,
0?,);012 = 8.4MeV/c?, and T, = 25.8 MeV.

The yields of 7. and J/i in the analysis of inclusive production of charmonium from

b-hadron decays, obtained from the fit, are

(), = 645 £ 13340

S _
(nt,/w)2011 = 2000 =+ 6750
for the 2011 data, and

()0 = 1372 £ 188zar

S _
(n J/w)m = 4110 + 94,

for the 2012 data. To obtain the values of the relative 7. and J/i inclusive yield from

b-hadron decays, the prompt production component also needs to be studied according
to equation [£.10]
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Figure 4.8: Proton-antiproton invariant mass spectrum for candidates coming from
a secondary vertex, the 2012 year data sample. Solid blue line represents the fitting
curve, long-dashed cyan line corresponds to double-Gaussian function for the J/i) signal,
long-dashed red line corresponds to the double-Gaussian function, convoluted with a
Breit-Wigner function for the 7, signal, dashed yellow line corresponds to J/i — ppr®
spectrum with non-reconstructed pion.More details and fit results are described in the
text

4.6.2 Analysis with the combined data sample

In the main part of the analysis the 2011 and 2012 data samples have been analysed
separately, and then averaged. Good agreement between the results for the two data
samples has been observed. Taking into account a similar signal description parameters
as well as those describing background shape, the pp invariant mass spectrum was
combined with both 2011 and 2012 data. The combined spectrum is shown on Fig. 4.9,

The results are consistent with the pp invariant mass fit of the two separate, 2011
and 2012, samples, described in the section [4.6] within error bounds. The results of the
fit are shown in Table [4.6] Only statistical uncertainties are shown.

4.7 Prompt charmonium production

Extraction of the prompt charmonia production is more challenging due to severe com-
binatorial background. This is despite the more selective cuts employed for the prompt
production analysis already at the trigger level. The background level, after applying
trigger and selection requirements, remains more than 500 times higher for the prompt

production analysis with respect to the inclusive production in b-hadron decays, while
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Figure 4.9: The pp invariant mass spectrum for the analysis of charmonium production
in b-hadron decays, with both 2011 and 2012 data combined

the J/i signal yield is only 5 times bigger.

4.7.1 Fit with Gaussian constraints on the J/iy and 7. masses

The result of the unbinned likelihood fit of the pp invariant mass spectrum for the
prompt charmonium production analysis is shown on Fig. for the 2011 data sample,
and on Fig. for the 2012 data sample.

The results of the fit, including statistical uncertainties, are shown in Table [£.7]

fit to 2011 data | fit to 2012 data
nf; 13370 £ 2260 22416 4+ 4072
T 11052 £+ 1004 20217 4+ 1403
My, MeV/c? 3096.8 + 0.3 3096.9 + 0.2
My — M, Me\/'/c2 109.0 £ 2.0 111.6 1.5
polynomial c1, x1073 | —38.37 £0.06 | —38.36 & 0.05
polynomial ¢2, x1073 | 5.45 & 0.06 5.44 £ 0.05
polynomial ¢3, x1072 | —0.60 & 0.06 —0.55 £ 0.05

Table 4.7: Results of the fit of the proton-antiproton invariant mass spectrum for prompt
candidates from the 2011 and 2012 data. The event yields, J/i) mass and J/i) to 1, mass
difference are shown, as well as the background parameters. Note that for both J/i) mass
and J/i to n. mass difference, a Gaussian constraint is applied using the fit results from
the analysis of charmonium production in b-hadron decays. The details of the fit are
described in the text
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Figure 4.10: Proton-antiproton invariant mass spectrum for candidates coming from
a primary vertex (top), and visually subtracted background (bottom), the 2011 data
sample. The J/i signal is described by a double-Gaussian function, the 7, signal is
described by a double-Gaussian function convoluted with a Breit-Wigner function, a
contribution from J/i) — ppr? decay with non-reconstructed pion is taken into account.

Gaussian constraints on the J/i) mass and the difference AM . = My, — M, , from

the fit of the sample corresponding to charmonium candidates from b-hadron decays,
are applied. See the text for more details and fit results

For the fit of the invariant mass spectrum in the prompt charmonium production
analysis signal resolutions are extracted from the fit of the low background pp invariant
mass spectrum in the analysis of inclusive charmonium production in b-hadron decays.
Gaussian constraints on the J/i) mass and the difference AM .. = My — M, , from
the fit of the sample corresponding to the analysis of the charmonium production in b-
hadron decays, are applied. The 7, natural width in the prompt production analysis fit,
is fixed to the average value of 25.8 MeV from the analysis of charmonium production
in b-hadron decays (section [£.6)).

The background description is also more difficult, and instead of the exponential
function we parametrise the background using a sum of Chebychev polynomials up
to the third order. In order to demonstrate that this background description does not
produce any peaking shape, and thus does not fake or influence the signal peaks, the
linear and non-linear components of the background function are shown separately on
Fig. The non-linear component does not change convexity sign, so the fit function

is not able to generate undesirable effects.

The unbinned maximum likelihood fit yields the following numbers of 1. and J/
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Figure 4.11: Proton-antiproton invariant mass spectrum for candidates coming from

a primary vertex (top), and visually subtracted background (bottom), the 2012 data

sample. The J/i signal is described by a double-Gaussian function, the 7, signal is
described by a double-Gaussian function convoluted with a Breit-Wigner function, a
contribution from J/i — ppr® decay with non-reconstructed pion is taken into account.

Gaussian constraints on the J/i) mass and the difference AM j, ,,. = M —

from

the fit of the sample corresponding to charmonium candidates from b-hadron decays,

are applied. See the text for more details and fit results

in the signal peaks:

P
() 3011 = 13370 = 22604101

P
(P5) gy, = 11052 £ 1004,z
for the 2011 data analysis, and

P
(1) 015 = 22416 £ 40724401

P
(M) o1 = 20217 = 14030y

for the 2012 data analysis.

Alternatively, a possibility to describe the combinatorial background using same

charge pp combinations or event mixing technique was studied, see section for

details.
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Figure 4.12: Linear(dashed red) and nonlinear (solid blue) components of the function
used to describe the combinatorial background of the pp invariant mass spectrum for
the prompt production analysis. Both components have the same normalisation for this
illustration

4.7.2 Fit with the released J/iy and 7. masses

For the fit of the pp invariant mass spectrum in the prompt production analysis a
Gaussian constraint on the J/) mass and the difference AM . = My — M, , from
the fit corresponding to the sample of charmonium from b-hadron decays, was applied.
The fit with released mass values gives consistent results, M, = 3098.7 & 1.0 MeV/ 2,
AM sy . = 106.7 £ 2.9 MeV/c? and My, = 3097.6 £ 0.8 MeV/c?, AM ., = 107.1 £
2.4MeV/c?, for the 2011 and 2012 data samples, respectively, taking into account large
errors from the prompt analysis fit. Only statistical errors are shown for the fit with
released mass values.

The result of the pp invariant mass spectrum fit for the prompt charmonium produc-

tion analysis with released mass values is shown on Fig. for the 2011 data sample,
and on Fig. for the 2012 data sample.
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Figure 4.13: Proton-antiproton invariant mass spectrum for candidates coming from
primary vertex for 2011 year data (top), with visually subtracted background (bottom).
The J/ip mass and the difference AM 5, = My — M, are left as free parameters in
the fit

For reference purposes, the ratio N} /N ﬁw is shown in Table depending on
whether Ay, = My, — M, is subject to the Gaussian constraint from the analysis of
charmonium production in b-hadron decays, left free parameter in the fit, or fixed to
the PDG value, for /s = 7TeV and 8 TeV data samples.

| /s = 7TeV data sample | /s = 8 TeV data sample

Gaussian constraint 1.24 4+ 0.21 1.14 +0.21
free fit parameter 1.11£0.22 1.14+£0.21
fixed to the PDG value | 1.24 4+ 0.21 1.234+0.21

Table 4.8: The ratio N}’ /N 51& depending on whether Ay, = M, — M, is subject to the
Gaussian constraint from the analysis of charmonium production in b-hadron decays,
left free parameter in the fit, or fixed to the PDG value, for /s = 7TeV and 8 TeV data
samples

Note, that comparisons and alternative fit procedures, described in this section,
have been performed as a cross check, and have not been used to estimate systematic

uncertainty.
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Figure 4.14: Proton-antiproton invariant mass spectrum for candidates coming from
primary vertex for 2012 year data (top), with visually subtracted background (bottom).
The J/ip mass and the difference AM .y, . = M, — M, are left as free parameters in
the fit

4.7.3 Possible background description with the event mixing

technique

To investigate a data-driven background description the event mixing method is tried.
It is expected that the main contribution to the background distribution comes from the
random combinations of uncorrelated protons and antiprotons. Thus if we mixed them
randomly we would have a distribution which could perfectly describe an uncorrelated
part of the background.

This method was applied on the promptly produced pp dataset. All come from
the primary vertex therefore one can mix tracks without the risk of forming incorrect

vertices. For comparison we apply the same method to the set of muons from the

c¢ — ptp~ channel. The resulting plots are shown on the Fig. 4.15(a)| and 4.15(b))|

respectively. Whereas the method appears to describe sufficiently well di-muon mass

spectrum, it clearly fails to describe the pp mass spectrum.

Suppose we have the number of events N.,, = n. Then event mixing is done with
the following algorithm. The four-momentum P; from the first row (event) is chosen. It
is then combined with antiparticles Ps, P ... P, from the next n — 2 rows. We require
that combinations from the same event are not accepted.Then the procedure is repeated

for the antiparticle four-momentum P;. Finally, this algorithm is repeated for P,... P,
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and P,...P,. As a result, we obtain a collection of invariant mass values.

In this way we significantly increase the number of events:

N2 —n? —3n+2>> N, (4.19)

for n > 1. Nevertheless one should note that this set of artificially mixed events is
somehow degenerate. A momentum P(A;) of each (anti)particle occurs n — 2 times in
different combinations.

Since the result from proton-antiproton opposite sign event mixing was unsuccessful,
we apply constraints on an opening angle between proton and antiproton momenta. Not
all events are accepted to the mixed spectrum, but only those which have the opening

angle between proton and antiproton momenta similar to that of non-mixed events:

|COS(9mixed Candidate) - COS(Qsignal candidate)| < 1 x 10_4 ) (420)

where cos(fsignal candidate) 15 the opening angle between proton and anti-proton for signal
candidate and cos(Omixed candidate 18 the angle for the candidate from mixing procedure.

Unfortunately, in the case of the pp sample this method did not give satisfactory
results even with constraints on the angle between the proton momenta. A possible
explanation is that there are some unexpected correlations in the proton-antiproton

production.

4.8 Systematic uncertainties

This section addresses the estimate of systematic uncertainties. For each analysis, sys-
tematic uncertainties corresponding to various sources are estimated by varying pa-
rameters used in the fit, and then quadratically added to obtain the total systematic
uncertainty. Uncertainties corresponding to the knowledge of the J/i) production cross
section and the branching fractions of the n. — pp and J/b — pp decay modes are

combined in a separate systematic uncertainty.

4.8.1 Inclusive 7. and J/i) production in b-hadron decays

For the measurement of the inclusive 7, and J/i» production in b-hadron decays, sys-
tematic uncertainties due to detector resolution, background description, feed-down

from the J/ip — ppr® and the cross-talk between the prompt charmonium sample and
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the charmonium sample from b-hadron decays, were considered. Tables and
summarise the systematic uncertainty estimates, for the 2011 and 2012 data samples
respectively. The total systematic uncertainty is dominated by the background descrip-
tion, probed via background shape variation, fit range variation, and shape variation of

the contribution from J/p — ppr®.
The detector resolution for both 7. and J/i signal peaks is accounted for by the two

Gaussian functions as described in subsection [£.5.4l The ratio between the two Gaus-
sian sigmas, as well as their relative contribution, and the ratio between the detector
resolution for 7. and J/i) signal peaks, are fixed from the MC simulation, thus leaving
a single resolution parameter free. The systematic uncertainty related to detector reso-
lution description, was conservatively estimated by assuming similar resolution for J/i
and 7., o}, /09, ~ 1, while the ratio o} /09, >~ 0.88 in the MC simulation.

The corresponding systematic uncertainty was found to be about 2% for both the
2011 and 2012 data samples.

Uncertainty, associated to the cross-talk between the prompt sample and the sample
of charmonium from b-hadron decays, was estimated by varying the fit parameters in the
prompt production analysis, as well as by taking into account the systematic uncertainty
on the event yields in the prompt production charmonium sample. Contribution of 2.7%
and 2.2% were found for the 2011 and 2012 data samples. The effect of limited MC
statistics (errors in Table leads to additional uncertainty of about 1.3%. Thus the
contribution of 3.0% and 2.6% to the total systematic uncertainty was obtained for the
2011 and 2012 data samples respectively. An important effect, related to a potential
difference of the n. and J/ip prompt production spectrum, and contributing to the
analysis of charmonium production from b-hadron decays via the cross-talk between
the two samples, was estimated separately. It was found to be around 1.2% using the
efficiency-weighted pp invariant mass spectrum fit, as described in section |4.8.2|

To estimate systematic uncertainties associated to the background parametrisation
we replace an exponential function by an exponential function multiplied by a first

order polynomial. Uncertainties due to the background parametrisation were found to
be 2.2% and 0.6%, for the 2011 and 2012 data samples.

Independently, the fit range is varied from the baseline interval of (2850..3250) MeV/c?
to an interval (2870..3230) MeV/c?. Further reducing the fit range does not leave enough
data points to constrain the background shape. On the other hand, increasing the fit
range requires introducing new components in the background description. Uncertain-

ties due to the fit range variation were found to be about 3%.
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e Nne
T Mpe /0 Ny

mean value 4110 1372 0.334 0.308
statistical uncertainty 94 (2.3%) 188 (13.7%) 0.047 (14.1%) 0.048 (15.5%)
signal resolution ratio (MC) <1(<01%) 24 (1.7%)  0.006 (1.8%) 0.006 (2.0%)
prompt production spectrum 0.004 (1.2%)
fit range variation 3 (0.1%) 39 (2.8%)  0.010 (2.9%) 0.010 (3.2%)
background shape variation <1(<0.1%) 8 (0.6%) 0.002 (0.6%)  0.002 (0.6%)
Jhp — ppr® shape variation <1(<0.1%) 24 (1.7%)  0.006 (1.8%)  0.006 (2.0%)
cross-talk between prompt sample

and sample from b-hadron decays 0.008 (2.6%)
systematic uncertainty, 3 (0.1%) 53 (3.9%)  0.013 (3.9%)  0.015 (5.0%)

quadratic sum

Table 4.10: Systematic uncertainties in the analysis of charmonium production in b-hadron decays using the 2012 data sample
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The contribution to the pp invariant mass spectrum from the J/i» — ppr® process is
taken into account in the fit. This effect gives a correction of about 1% to the 7. yield.
The J/p — ppr® decay can proceed via pr® or pp resonances resulting in a modified pp
invariant mass spectrum shape. The corresponding uncertainty is thus conservatively

estimated by replacing the square-root in equation (4.17) by a linear shape:

My — Mo — M if M < My, — Mo
0 ifM>MJ/,¢,—M7r0,

Faps—sppmo (M) ~ (4.21)

where M is the proton-antiproton invariant mass. Uncertainties due to the description
of the J/i — ppr® component of the proton-antiproton mass spectrum were found to
be about 2%.

4.8.2 Prompt charmonium production

Most of the systematic uncertainties for the prompt production analysis are estimated
in the same way as for the analysis of the inclusive production from b-hadron decays,
as described in subsection [4.8.1] Uncertainties related to the signal resolution, the 7,
natural width, background description, description of the contribution from Jjp —
ppr®, and the J/) polarisation, have been considered. Tables and summarise
the systematic uncertainty estimates, for the 2011 and 2012 data samples respectively.
The total systematic uncertainty is dominated by the uncertainty on the 7. natural
width.

The uncertainty due to mass resolution ratios, fixed from MC, was estimated in the
same way asin subsection and was found to be 2.5 — 3.0%. The J/i) resolution in
the prompt production analysis fit is fixed to the value obtained from the fit of the pp
invariant mass spectrum in the b-hadron decay production analysis. We estimate the
corresponding systematic uncertainty by varying it within error bounds. Uncertainties
due to detector resolution are found to be around 0.5%.

Due to the dependence of the efficiency on the charmonium pr, a potential difference
of the 7. and J/b production spectrum can lead to the systematic shift of the yield ratio.
The related systematic uncertainty was estimated by re-weighting each pp combination
using the corresponding efficiency, and subsequent renormalisation of the invariant mass
spectrum in order that the average yields remain approximately unchanged. The result-

ing pp invariant mass spectrum is shown on Fig. 4.16(a){and {4.16(b)|for the 2011 and

2012 data respectively.
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npp e o Nﬁ@
mean value 11052 13370 1.21 1.24
statistical uncertainty 1004 (9.1%) 2260 (16.9%) 0.22 (18.2%) 0.21 (17.0%)
signal resolution ratio (MC) 10 (0.1%) 417 (3.1%)  0.04 (3.0%)  0.04 (3.0%)
signal resolution variation 138 (1.3%) 98 (0.7%) 0.01 (0.5%)  0.01 (0.5%)
prompt production spectrum 0.06 (5.0%)  0.07 (5.2%)
I, variation 60 (0.5%) 1743 (13.0%) 0.15 (12.4%) 0.15 (12.5%)
fit range variation 205 (1.9%) 830 (6.2%)  0.06 (5.2%) 0.06 (5.2%)
background shape variation 166 (1.5%) 695 (5.2%)  0.07 (5.5%)  0.07 (5.5%)
Jhp — ppr® shape variation 49 (0.4%) 252 (1.9%)  0.02 (1.4%)  0.02 (1.4%)
cross-talk between prompt sample
and sample from b-hadron decays 0.01 (0.5%)
J/ polarisation 0.02 (2.0%)
systematic uncertainty, 308 (2.8%) 2111 (15.8%) 0.19 (15.7%) 0.20 (15.9%)

quadratic sum

Table 4.11: Systematic uncertainties for the prompt production analysis on the 2011 data
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Figure 4.16: Estimation of the systematic uncertainty from a potential charmonium
spectrum difference at production. The pp invariant mass spectrum is reweighted using

the efficiency, as described in the text
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Since the /s dependence of the effect is considered to be small, the average of the
2011 and 2012 samples is used to account for possible statistical fluctuations. The re-

sulting uncertainty in N—”; for the prompt production analysis was found to be 5.2%

NJ/
from the efficiency-weighted spectrum fit. The corresponding uncertainty for the anal-
ysis of charmonium production in b-hadron decays arises from the cross-talk between

the prompt production sample and the sample of charmonium produced in b-hadron

decays, and was estimated to be 1.2% (see section [4.8.1)).

In order to estimate the systematic uncertainty related to the I', knowledge, we
compare the result using the I';, value of 25.8 MeV from the b-hadron decay analysis fit,
to that using the I, value of 32.0 MeV from the PDG [II]. The I, values with their
uncertainties are shown in Table [£.18] The corresponding uncertainty was estimated to

be about 12%. This is the largest systematic uncertainty contribution.

The uncertainty of 5.5%), related to the background description, was obtained using
an alternative shape. A third order polynomial multiplied by the exponential function
was used. Also the sensitivity of the result to the fit range was studied, and a correspond-
ing systematic uncertainty of 5.2 — 5.4% attributed. This uncertainty originates mainly
from the variation of the left boundary of the fit, where trigger kinematic thresholds

are close to the fit domain.

The uncertainty related to the shape of the pp invariant mass spectrum from the
Jfp — ppr® component is estimated in the same way as described in subsection 4.8.1}
and was found to be 1 — 2%.

Uncertainty, associated to the cross-talk between the two samples, was estimated by
varying the fit parameters in the analysis of the charmonium production in b-hadron
decays, as well as by taking into account the systematic uncertainty on the event yields
in the charmonium sample, produced in b-hadron decays. This contribution to the total
systematic uncertainty was found to be small (< 0.1%) for both the 2011 and 2012 data
samples. The uncertainty corresponding to the MC limited statistics, when normalising
the cross-talk value, was found to be 0.5 % for both the 2011 and 2012 data samples. This
value was taken as an estimate of the contribution to the total systematic uncertainty,

associated to the cross-talk between the two samples.

Finally, the J/i) polarisation modifies the kinematics of the proton and anti-proton,
and thus influences the efficiency and relative 7. to J/i) production. The central values
of the LHCb J/ip polarisation measurement [37] were used to correct the efficiency
ratio, as described in section . The same J/i) polarisation at /s = 7TeV and

/s = 8TeV is assumed. The corresponding systematic uncertainty was estimated by
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varying polarisation measurement results within error bounds, and has been found to
be about 2% for both 2011 and 2012 data samples.

4.9 Results on the 7. state production

Using the systematic uncertainties discussed in section 4.8.1) the 7, and J/ip event
yields and their ratio, from the analysis of charmonium production in b-hadron decays
(section [4.6)) are found to be:

5
(n‘W)Qon = 2000 = 67sar £ 2syst
S —
(nﬁc)mn = 645 £ 133510t £ 205yt

S S
(7. /750 ) 591y = 0-323 = 0.068z4r £ 0.0135¢

for the 2011 data sample, and

S
(nw)m = 4110 4 9410t + 34ya
S
(n%)2012 = 1372 & 188,4ar & 535yt

S S
(77, /1050 ) g1 = 0-334 £ 0.047 5101 £ 0.01355¢

for the 2012 data sample.
Using the systematic uncertainties discussed in section the n. and J/i event
yields and their ratio, from the prompt charmonium production analysis (section

are found to be:

P
(nJ/w)zon = 11052 = 1004510 £ 316syst
P
(nnc)2011 = 13370 + 22605tat =+ 2096syst

P, P
(n;, /n(,/w)2011 = 1.21 £ 0.2244¢ £ 0.194,5
for the 2011 data sample, and

P
() o1 = 20217 & 140301 = 491,

P
(nnc)Qom = 22416 £ 40724404 £ 34395yt

(i /757) o1y = 111 £ 0.20500 & 017
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for the 2012 data sample.

Following section [4.5] the ratios of the charmonium states, produced in the inclusive

b-hadron decays, and decaying to pp, are:
S S _
(N /N3y ) o1y = 0-289 = 0.069;z4r £ 0.016,51
for the 2011 data sample, and
S S _
(Nnc/NJ/w)zom = 0.308 £ 0.048414t £ 0.0154y

for the 2012 data sample.

The bf ratios of the promptly produced charmonium states are:
P /ArP _
(N, /J\(W)2011 =1.24 £ 0.21 401 & 0.204,
for the 2011 data sample, and
P /ATP _
(N, J\(W,)2012 = 1.14 £ 0.21 g40¢ £ 0.184,¢

for the 2012 data sample.

The 7. to J/ yield ratio as measured in the analysis of inclusive charmonium
production in b-hadron decays, using the 2011 and 2012 data samples agree, and can

be averaged. Assuming systematic uncertainties to be fully correlated:

N3 /N7y = 0.302 £ 0.039510¢ + 0.015,y5 -

4.9.1 Ratios of the inclusive yield from b-hadron decays

Correcting for the ratio of the branching fractions, the relative 7. to J/b branching
fraction of a mixture of b-hadrons is:

S
Nm « By —pp .

Bb—> CX/Bb%J/wX =
! Nj@b Bﬁc—HDﬁ

(4.22)

Using the branching fractions from Ref. [I1], By = (2.1740.07) x 107 and B, _,,; =
(1.42 4+ 0.17) x 1073, inclusive yield from b-hadron decays in the phase space volume
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pr > 6.5GeV/e, 2.0 <y < 4.5 is:
By /By giox = 0421 + 0,055,501 + 0.022,0 + 00455,

where the third error component corresponds to the uncertainty in the J/i) — pp and
n. — pp branching fraction measurements. Using in addition the measured J/) inclusive
yield from b-hadron decays [11], By, x = (1.16 +0.10)%, one obtains the inclusive

yield of 7. from b-hadron decays for our phase space volume as:
Byox = (4.88 £ 0.6450 £ 0255 +0.675,, ) x107%,

where the third error component corresponds to the uncertainty in the Jip — pp
and 7. — pp branching fractions and the J/i) inclusive yield from b-hadron decays
measurements.

This is the first measurement of the 7. inclusive yield from b-hadron decays. The
measurement can be further improved by increasing statistics, and by motivating the

BES collaboration to provide a relative measurement of the two branching fractions

Bpy—pp 10 Byespp-

4.9.2 Prompt production ratios

Correcting for the ratio of the branching fractions, the relative 7. to J/i) prompt pro-

duction is ,
N B; _
_ e 1) —pp

On/Oa = p X g
Jhp Ne—>DP

(4.23)

Using the branching fractions from Ref. [11], the relative 7. to J/ib prompt production
in the LHCD acceptance (rapidity range 2.0 < y < 4.5) and for pr(J/Y,n.) > 6.5 GeV/c

is found to be:

(On/Oap) gy = 174 £ 029500 £ 0.28,5 £0.195,,

for the 2011 data sample, corresponding to a centre-of-mass energy /s = 7 TeV, and

(0. /UJ/¢)2012 = 1.60 + 0.291at £ 0.254 + 0175,
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for the 2012 data sample, corresponding to a centre-of-mass energy /s = 8 TeV. The
third error component in the above results corresponds to the uncertainty in the J/ip —

pp and 1. — pp branching fractions.

4.9.3 J/iy production cross-section in the required kinematic

region

The J/ip cross section is needed as an input to compute the absolute 7, prompt produc-
tion cross section from the ratio measured in this note. The J/i) cross section results
from Refs. [37] and [50] are shown in Tables[l]and 3|in Appendix[-2]in bins of pr and ra-
pidity, also summed up over the LHCD rapidity range, for /s = 7TeV and /s = 8 TeV

respectively.

The results below will assume no polarisation for the J/) production, so that the
last column of the Tables [l and (] is not used.

Since the data from Ref. [37] in Table|l| (see Appendix|.2)) have been luminosity and
polarisation corrected, they are modified in Table[2, using Refs. [37] and [49], and Anal-
ysis note ANA-2013-019, in order to keep only the luminosity correction. The luminosity
correction was extracted from /0 correctea = 5.2 pb/5.491 pb & 0.947. The relative sys-
tematic uncertainty, excluding the contribution from polarisation, was assumed to be

the same. Both central bin values and uncertainties have been corrected.

The J/ip cross section is found as the sum of the pr bin values, multiplied by the bin
width (Ay = 0.5, Apr = 1 GeV/c). Since the transverse momentum range considered is
from 6.5 GeV/c to 14.0 GeV/¢, the first bin (6.0 GeV/c to 7.0 GeV/c) from the J/i) analysis
requires special treatment. The J/i) cross section for the 6.5 GeV/c to 7.0 GeV/c interval
is extracted as a part of the 6.0 GeV/c to 7.0 GeV/c¢ bin cross section using the J/i) cross
section interpolation, illustrated on Fig.[4.17(a){and [4.17(b)| for the 2011 and 2012 data

respectively.

The J/ib cross section in the 6.5 GeV/c to 7.0 GeV/c interval was found to be

6.5 GeV/c<PT<7.0GeV/e

Jhp =77.6=% O'gstat + 4-Osyst + O'5interpolation nb

=776+ 0-95tat + 4'Osyst nb
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2011 data. Interpolation using the pr depen- 2012 data. Interpolation using the pr depen-
dence of the cross-section dence of the cross-section

Figure 4.17: Estimate of the J/i) cross section in the pr interval 6.5GeV/c < pr <
7.0 GeV/c for the 2011 and 2012 data. Interpolation (third order polinomial, solid line)
and fit with the exponential function (dashed line) to estimate corresponding systematic
uncertainty

for the centre-of-mass energy /s = 7TeV, and

6.5 GeV/c<PT<7.0GeV/c

O-J/w =975+ 0~8stat + ]-‘8syst + 0-3interpolation nb

=975+ 0-8stat + ]-‘85y5t nb

for the centre-of-mass energy /s = 8 TeV. The interpolation error in the first bin was
conservatively estimated by comparing the interpolation to the fit using an exponential

function.

The J/i cross section in the pr bins is shown in Table before summing the

values.

Then both statistical and correlated (uncorrelated) uncertainties in the J/i) cross
section are summed up quadratically. The resulting value is propagated to the o,
uncertainty and noted as the fourth error after statistical, systematic uncertainties and

the uncertainty from branching fractions.

The J/ip cross-sections in the rapidity and pr range, 2.0 < y < 4.5 and pr (J/),
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7 TeV 8 TeV

pr, GeV/e Cross stat.  syst. Cross stat.  syst.

section error error | section error error
6.5-7 77.6 0.9 4.0 97.5 0.8 4.8
7-8 99.9 1.0 3.3 121.9 0.8 1.4
8-9 54.6 0.9 1.7 66.7 0.6 1.2
9-10 29.2 0.5 0.9 37.2 0.4 0.6
10-11 17.2 0.4 0.6 21.9 0.3 0.3
11-12 9.3 0.3 0.3 13.1 0.2 0.2
12-13 5.8 0.2 0.2 8.1 0.2 0.1
13-14 3.2 0.2 0.1 5.1 0.1 0.1

Table 4.13: The J/i cross section integrated over rapidity range, 2.0 < y < 4.5, in pr
bins, the /s = 7 TeV and 8 TeV data

n.)>6.5 GeV/c, corresponding to the present analysis, are:

O'J/d, = 296.9 + 1-8$tat + 16-88yst nb
=296.9+16.9 nb

for the centre-of-mass energy /s = 7TeV, and

Oy = 3714+ 14,40 £ 271, nb
— 37144272 nb

for the centre-of-mass energy /s = 8 TeV, where the first error is statistical, and the
second one is systematic, and both are quadratically added at the end. This combined
error is considered as a systematic error for the absolute 7. production cross section

calculation. The J/i production is assumed to be unpolarised.
It is assumed that there is no significant correlation with other systematic effects.

Table shows the sources of systematic uncertainty considered in the J/i) cross

section measurement analyses.

The present analysis comprises no systematic uncertainties associated with muon
reconstruction or identification. Other sources of systematic uncertainties, present in
Table effectively cancel in the production ratio measurements, so that we con-
sider the J/iy production measurement systematic uncertainty and other systematic

uncertainties of the present analysis to be uncorrelated.
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source systematic uncertainty

2011 2012
inter-bin cross-feed 0.5% 0.5%
mass fits 1.0% 2.2%
radiative tail 1.0% 1.0%
muon identification 1.1% 1.3%
tracking efficiency 8.0% 0.9%
track 2 1.0%
vertexing 0.8% 1.0%
trigger 1.7% to 4.5% 4.0%
luminosity 10.0% 5.0%
By 1.0% 1.0%

Table 4.14: Systematic uncertainty of the J/i) cross section measurements for the /s = 7
TeV and /s =8 TeV analyses

4.9.4 7. production cross-section

In order to obtain the absolute 7, prompt production cross-section, the corresponding

J/i prompt production cross section measurement from Refs. [37] and [50] were used

for the analyses corresponding to a centre-of-mass energy of \/s =7 TeV and /s = 8
TeV respectively. The J/i) cross section measured in section [4.9.3] yields the following
J/p cross section values in the rapidity and pr range, 2.0 < y < 4.5 and pr (J/,

ne)>6.5 GeV/c, corresponding to the present analysis:

(gJ/w ) 7TV 2.0<y<4.5 P7>6.5GeV/c

for a centre-of-mass energy /s = 7TeV, and

(UJ/w ) 8TV 2.0<y<4.5 P1>6.5GV/c

=296.9+ 1.8+ 16.8 nb

=3714+£14+£272 nb

for a centre-of-mass energy /s = 8TeV. Here, we assume the J/) to be produced

unpolarised.

Using the above values for the J/b cross section (2.0 < y < 4.5 and pr (J/,

ne)>6.5GeV/c), the prompt 7. production cross section is obtained as:

(O ey = 052 £ 0.09,100 % 0.084550 £ 0.065,,  +0.03,,, ub
= 0.52 % 0.09,10¢ % 0.08 50 = 0.06

g By —ppnc—pp H
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for a centre-of-mass energy /s =7 TeV, and

(0 g oy = 059 £ 0.11510¢ %+ 0.09,¢ 0065, +£0.04,,, ub
= 0.59 £ 0.110¢ = 0.095; = 0.08

T g/ s BJ/w —pP,Nc—pP H

for a centre-of-mass energy /s = 8 TeV. In the above results, uncertainties associated
to the J/i — pp and 1. — pp branching fractions, and to the J/b cross section mea-
surement, are first shown separately, and then combined (added quadratically) into the
last error component. Within the o, uncertainty, the statistical uncertainty of the
J/ cross section measurement contributes 0.003 for the /s =7 TeV result, and 0.002
for the /s = 8 TeV result.

4.9.5 Dependence of the J/iy and 7. production cross-section

on transverse momentum

The rate of 7, relative to J/i), as a function of pr, has been obtained by fitting the
pp invariant mass spectrum in three of four bins of pr. Fig. |4.18 shows the results for
both prompt charmonium production and inclusive charmonium production in b-hadron

decays, for the 2011 and 2012 data samples separately.

0.8p

= 2
S~ 3F =
= g a) = o7F b)
~ 5 42011 -
¢ “F ©  0.6F
= F $2012 ZC: £ —
= 2F —— 0.5F H
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2 0.3F
1= o
o 0.2;—
05 01
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T GeV/e pr GeV/e

Figure 4.18: The relative 7. to J/b pr spectrum for the 2011 (filled triangles) and
2012 (empty triangles) data. Prompt production spectra are shown on a) and b) for
the prompt charmonium production and inclusive charmonium production in b-hadron
decays, respectively. See the text for more details

Using the J/ip pr spectrum from Refs. [49] 37, 50], the n. pr spectrum has been ob-
tained for both prompt charmonium production and inclusive charmonium production

in b-hadron decays. The results are shown on Fig. [4.19,
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Figure 4.19: The pr spectrum for 7. (empty circles) from the present analysis and J/i
(filled circles) from Refs. [49] 37, 50]. Prompt production spectra are shown on a) and
b) for the 2011 and 2012 data respectively. The spectra, corresponding to inclusive
charmonium production in b-hadron decays, are shown on c) and d) for the 2011 and
2012 data respectively. See the text for more details

Also the results can be compared with those from the MC simulation (Fig. |4.20)).

4.9.6 Summary

The prompt 7. production at /s = 7TeV and at y/s = 8 TeV centre-of-mass energy are
measured for the first time. Finally the results obtained on the 7. prompt production at
Vs = T7TeV and /s = 8 TeV centre-of-mass energy in the LHCb acceptance (rapidity
range 2.0 < y < 4.5) for pr(J/i) > 6.5 GeV/c, are shown on Fig. [1.21] with the statistical
and systematic uncertainties, and the error related to the uncertainty on the J/b — pp
and 7. — pp branching fractions, shown separately. The error associated to the J/i
cross section measurement is included in the systematic error.

The J/ip production cross section at /s = 7 TeV was measured using the 2010
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Figure 4.20: MC reconstructed pr spectra for promptly produced J/i) (squares) and 7,
(circles)

data sample [37], while the production cross section ratio was obtained using the in-
dependent 2011 data sample. Therefore, the statistical errors of the two measurements
are independent, and the statistical uncertainty of the J/i) cross section measurement
is added in quadrature to the systematic uncertainty related to the J/i) cross section

measurement.

The J/p production cross section at y/s = 8 TeV was measured using 16 pb™' at
the beginning of data taking in 2012 [50]. This is a part of the 2.0 fb™' data sample used
for the production cross section ratio measurement at a centre-of-mass energy /s = 8
TeV. However, both analyses used TOS of the different and independent trigger lines,
so that both data samples can be considered as independent. Moreover, their overlap is
negligible, which is illustrated by the fact that, using the full 2011 year statistics, trigger
TOS of the present analysis and at the same time TOS of the di-muon trigger yield only
257 events in the pp invariant mass fit range, compared to 9.5 x 10° trigger TOS of the
present analysis. Using the full 2012 year statistics, trigger TOS of the present analysis
and at the same time TOS of the di-muon trigger yield only 491 events, compared to
18.2 x 10° trigger TOS of the present analysis. In both cases, the fraction of overlap
events is 2.7 x 1075, even if considered both measurements using full statistics. Thus, for
the centre-of-mass energy /s = 8 TeV analysis, the production cross section ratio and

J/ cross section measurement always rely on different candidates, neglecting muon-
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Figure 4.21: Prompt 7. production cross-section

proton mis-identification, have 2.7x 107> overlap between the events (not candidates) for
16 pb~', and no overlap for the remaining part of the 2.0 fb™! data sample. Therefore,
similar to the /s =7 TeV analysis, the statistical uncertainty of the J/i) cross section
measurement is added in quadrature to the systematic uncertainty related to the J/i
cross section measurement.

In the above results, statistical and systematic uncertainty of the J/i) cross section
measurements are first shown separately, and then combined (added quadratically) into
the o, uncertainty component.

Systematic uncertainties for the analysis of the production cross section ratio and

the J/i cross section measurements are considered to be uncorrelated (different sources

of systematic uncertainty in Tables and [4.12 and Table in section [4.9.3)).

4.10 The 7. and J/iy angular distributions

Emi Kou suggested that it may be possible to probe the J/i) — pp decay mechanism
using observed angular distributions. A comparison between the J/i) — pp and 1. — pp
decays, mediated by three and two gluon decay diagram, respectively (see section ,
may yield additional information. A sensitivity to angular distributions is illustrated

below by the angle between the proton momentum in the J/i rest frame and the J/i
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boost, as an example.

The study is performed in the kinematic region 2 < y < 4.5 and 6.5 GeV/c < pr.
Combined data set of low background charmonium candidates from b-hadron decays,
corresponding to the integrated luminosity of [ Ldt = 2.7fb and collected in 2011 and
2012 years data samples are used.

The 7. and J/i signals are extracted from the fit of the pp invariant mass spectrum
in bins of cos #. The cos 6 range is divided in five bins that allows to maintain statistically

significant 7. signal in each bin. The results of the fit are shown on Fig. 4.22]
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Figure 4.22: Invariant mass spectrum of the pp combinations in bins of cos . Selection
on cos 6 applied, left to right, top to bottom: —1.0 < cos€ < —0.6, —0.6 < cosf < —0.6,
—0.2 < cosf <0.2,0.2 < cosf <0.6,0.6 <costl <1.0

No angular dependence is expected for the n. — pp decay. The cosf dependence
for the J/i» — pp decay is expected to be small due to the significant boost. No accep-
tance corrections are applied to the cos @ distributions. Consistent angular distributions
corresponding to the 7, and J/ip decays are expected. Uncertainties in the cos @ bins
illustrate expected sensitivity of angular distribution studies.

The obtained distributions in cos  are fitted with the following probability density
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function:
f(0) ~ 1+ ay,, s cos® 0. (4.24)

The results of the fit are shown on Figs. and for the 1. and J/i) meson angular

distributions, respectively.
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Figure 4.23: Fit of the cos@ distribution of for n. — pp candidates
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Figure 4.24: Fit of the cos @ distribution of for J/i) — pp candidates

The a parameters are found to be

a, = —0.73+£0.22
ayp = —0.60 % 0.05,
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for n. and J/i) spectra, respectively. Note that negative a values do not mean a signature

of the . or J/) polarisation.
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4.11 Measurement of the 7. mass and natural width

Using the cleaner sample of charmonium candidates, produced in b-hadron decays, a
measurement of the 7. mass can be addressed relative to the well-reconstructed J/i
mass peak. Momentum scale calibration is particularly important for the mass mea-
surement. Systematic uncertainty is further reduced for the measurement of the J/i
and 7. mass difference, AM . = My, — M,,.. Analysis of the two data samples yields
consistent results,

AMZ), = 1131424 +0.2 MeV/¢?

and

AMZ)?, = 1158 +1.9+0.2 MeV/¢?

for the 2011 and 2012 data respectively. Table [4.15] summarises the corresponding sys-

tematic uncertainty estimates, for the 2011 and 2012 data samples.

2011 data sample 2012 data sample

mean value 113.1 115.8
statistical uncertainty 2.4 1.9

signal resolution ratio (MC) 0.07 0.03

fit range variation 0.07 0.08
background shape variation 0.04 0.03

Jhp — ppr® shape variation 0.10 0.18
systematic uncertainty, 0.15 0.20
quadratic sum

Table 4.15: Systematic uncertainties (in MeV/c?) for the measurement of the J/i and
1. mass difference, AM j . = My — My, , using the 2011 and 2012 data samples

The systematic uncertainty is significantly smaller than statistical errors, so that
increasing statistics will improve the measurement precision. The two measurements

agree with each other and can be averaged:
AMyy . = 1147+ 1.5 £0.1 MeV/c* .

This result agrees with the PDG value [11]. The precision improves that of the latest B-

factory measurements, and provides an independent check of the recent BES results [75]
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70].

As a further indication of the systematic uncertainty related to the momentum
scale calibration, the J/i) mass value is determined from the fit of the pp invariant mass
spectrum for the 2011 and 2012 data samples, My, = 3096.50 £ 0.34 & 0.03 MeV/c?
and M, = 3096.74 + 0.23 & 0.02 MeV/ c? respectively. The systematic uncertainty is
estimated to be small, and details are given in Table

2011 data sample 2012 data sample

mean value 3096.50 3096.74
statistical uncertainty 0.34 0.23

signal resolution ratio (MC) 0.02 0.01

fit range variation 0.01 0.01
background shape variation 0.02 0.01

Jhp — ppr® shape variation < 0.01 0.01
systematic uncertainty, 0.03 0.02
quadratic sum

Table 4.16: Systematic uncertainties (in MeV/c?) for the J/i) mass from the analysis of
charmonium production in b-hadron decays, using the 2011 and 2012 data samples

The two measurements are consistent with each other, and can be averaged, yielding
the result My, = 3096.66 & 0.19 £ 0.02 MeV/c?, which agrees well with the value from
Ref. [11].

In addition, comparison of the results for the 7, natural width I',, with the PDG
value has been performed. The precision does not allow a competitive measurement, but
the results serve as another consistency check. A large error in the determination of I',,
is a consequence of the fact that the detector resolution was determined from the fit to
data. The J/ib peak does not provide a sufficiently precise constraint. The fit of the pp
invariant mass spectrum yielded the following I, values: I';, = 23.0£9.04+2.6 MeV and
I, = 27.3+£6.3£2.7MeV for the 2011 and 2012 data samples respectively. The estimate
of the systematic uncertainty is significantly smaller than the statistical error, and is
dominated by the detector resolution. The details of systematic uncertainty estimates
are given in Table

The two values are consistent with each other, and can be averaged, yielding the
result I';, =25.8 £5.2+ 1.9MeV, which agrees well with the PDG value [11].

The J/ip mass My, the mass difference M, — M, and the 7. natural width from
the analysis of the 2011 and 2012 data samples, their average and the corresponding
PDG values [I1] are shown in Table .18
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2011 data sample 2012 data sample

mean value 23.0 27.3
statistical uncertainty 9.0 6.3
signal resolution ratio (MC) 2.1 2.3
fit range variation 1.0 1.1
background shape variation 1.0 0.2
Jhp — ppr® shape variation 0.7 0.8
systematic uncertainty, 2.6 2.7
quadratic sum

Table 4.17: Systematic uncertainties (in MeV) for the 7. natural width I" from the
analysis of charmonium production in b-hadron decays, using the 2011 and 2012 data
samples

My, MeV/c? My — M,,, MeV/? | T, MeV
2011 data sample | 3096.50 +0.34 £ 0.03 | 113.1 £ 2.4 + 0.2 23.0+£9.0£2.6
2012 data sample | 3096.74 +0.23 £ 0.02 | 115.8 £ 1.9+ 0.2 2713 £6.3£27
average 3096.66 £0.19 £0.02 | 114.7 £ 1.5 £0.1 25.8+£52+1.9
PDG [11] 3096.916 + 0.011 113.2+£ 0.7 32.0+0.9

Table 4.18: The J/i) mass My, the mass difference My, — M, and the 7, natural
width from the analysis of the 2011 and 2012 data samples, their average and the
corresponding PDG values [11]

Finally, the T',,,, M, contour plots (Fig. and Fig. [4.26]) are consistent between
the 2011 and 2012 data samples, and with the PDG values [11].
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Figure 4.25: The I',, M, contour plots for the 2011 (red solid curves) and 2012 (blue
dashed curves) data samples. The two curves indicate one-sigma and two-sigma con-
tours for the one-dimensional distribution. Only statistical uncertainties are shown. The
PDG [I1] value is indicated as a point with error bars
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Figure 4.26: Contour plot of I',, and M, for the combined data sample. The curves
indicate 68.3 C.L. (one-sigma) and 95.5 C.L. (two-sigma) for two-dimensional distri-
bution. Only statistical uncertainties are shown. The PDG [II] value is indicated as a
point with error bars.
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4.12 Search for prompt production of the x. and A,

states

Using the prompt production data sample, we perform the pp invariant mass fit in the
(3350..3600) MeV/c? range to search for production of the x. 12 and h, states. Since the
X0 resonance haves non-negligible width, a Breit-Wigner probability density function

is used, convoluted with the single-Gaussian function for the detector response:

(cho,l,m he — Mp_)z

f ~ e (O'Xco,l,g,hc)2 X BW(MXC(); Fxco) (425)

Using MC samples, detector resolution is estimated to be in average o, ., ~ 10.5 MeV.
The invariant mass spectrum in the range (3350..3600) MeV/c? is shown on Fig. [4.27]
The spectrum is fit to the signal shape, discussed above and background shape, de-
scribed in section [4.5]

The result of the fit of the /s = 7TeV and /s = 8 TeV data sample is shown on

Figs. and [4.28|

70000 LHCb

Vs=7TeV

Entries / (5 MeV/c?)

[M-I-Illll IIIIIIIIIIIIIIIIIIIIII III

- Hﬁl oo l{lhuﬂllhl*ll,*l*“l
mg_* I” t T*T*ITT‘ H*l [ARASERRREREEERY IR IR £ B
- . - - ah;?pp) [MeV/csze?o

Figure 4.27: The fit of the x. 12 and h. candidates in /s = 7TeV data sample.

In the fit, natural widths of the resonances from Ref. [11] are used with the Gaussian
constraint applied. The resulting logarithm likelihood profiles are given on Figs. [4.29
and [4.301

Basing on the logarithm likelihood profiles, upper limits on the resonances relative

yield are set at the 90% confidence level. Relative production yields Ny, , /Ny are
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Figure 4.28: The fit of the x.12 and h. candidates in /s = 8 TeV data sample.

corrected to the efficiencies ration from MC. Since the relative yields a related to the

production cross-sections

Oxc0,1,2, he X Bxco,l,m he—pp

NXc0,1,2,hc/NJ/w = s (426)

T X Bap—pp

we can extract the relative prompt production cross-sections with known the branching
fractions (see Table [2.1)). Results are given in the Tables and for 7TeV and

8 TeV centre-of-mass energy, respectively.

state NZ/NJ/w Bi—ﬂ’f’? X].O_3 O-i/O-J/w gi, /Lb
Xc0 <0.06 |0.213£0.012| <06 | <0.2
Xel <0.10 | 0.073£0.004 | <29 | <08
he < 0.13 3.2+0.5 < 0.09 | <0.03
Xe2 <0.16 | 0.071£0.004 | <48 | <14

Table 4.19: The 90% CL limits on the prompt production of X, Xei, he, Xeo States
relative to J/ib production at v/s = 7TeV. Upper limits on rations of the signal yields are
also shown. Branching fractions of charmonium states decaying to a proton-antiproton
pair from [44] for h., and from Ref. [I1] for all the other listed states

The ratio of production cross-sections o;/0  is extracted from the equation m
The uncertainties of the branching ratios B s —pp, By.o—pps Bxer—ppr Bhe—pp and By, pp
are taken into account.

To obtain the limit on the absolute value of o;, the J/i cross-section, found in
section is used. Error of the J/i) production cross-section is taken into account in
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Figure 4.29: Logarithm likelihood profiles of the X1 and h. yields from promptly
produced pp candidates of 2011 year data

the same way, as the branching ratio errors.

The LHCDb experiment has already performed set of measurements of the y.; pro-
duction cross-sections [107, [I08]. Relative .1 to X2 production cross-sections at /s =
7 TeV were also measured by the CMS experiment [109]. The relative production of the
Xe0/Xe1/ Xe2 mixture to the J/i production was reported in Ref. [110].
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Figure 4.30: Logarithm likelihood profiles of the X012 and h. yields from promptly
produced pp candidates of 2012 year data

state NZ/NJM, Biﬁpﬁ. x1073 O—i/O_J/w ;. [Lb
X0 < 0.06 |0.2134+0.012| <0.6 < 0.2
Xet <0.13 ]0.0734+0.004 | < 3.7 <14
he < 0.05 3.24+0.5 < 0.03 | <0.01
Xe2 < 0.07 | 0.071£0.004 | <2.2 < 0.8

Table 4.20: The 90% CL limits on the prompt production of .o, Xei, he, Xeo States
relative to J/ib production at /s = 8 TeV. Upper limits on rations of the signal yields are
also shown. Branching fractions of charmonium states decaying to a proton-antiproton
pair from [44] for h., and from Ref. [I1] for all the other listed states



Chapter 5
Summary

This thesis document addressed studies of the 7. (1S) state properties. Production
cross-section of the 7, meson in parton interactions and in inclusive b-hadron decays, is
measured for the first time. The 7. mass and natural width are determined.

Studies of the 7. production provide an important tool for QCD tests distinguishing
between many theoretical models, described in sec. [1.5]

The analysis is based on the data collected by the LHCb experiment in 2011-2012
and corresponding to the integrated luminosity of [ Ldt ~ 3fb. Selected events are
chosen with the trigger alley, dedicated to selection of the proton-antiproton final state.
Selection criteria were optimised in order to obtain maximal significance of the signal
corresponding to the J/ib — pp decays. Contribution from pp combinations from the
Jhp — ppr® decays was taken into account, as well as the effect of the cross-talk between
the samples.

The most important result of the present analysis is the measurement of the ra-
tios of inclusive prompt production cross-section of 7. and J/i) mesons measured in
rapidity range of 2.0 < y < 4.5, and transverse momentum range pr > 6.5 GeV/c. The
production cross-section ratio is found to be

(One/Oap) ey = 174 £ 0.29510¢ & 0.2855 £ 0.185

J/b —pp,nc—rpp

at the centre-of-mass energy /s = 7TeV and

(0n/Tap) gpey = 1.60 £ 0.29510¢ & 0.255 £0.175

J/Y —pPync—pp

at the centre-of-mass energy /s = 8 TeV. The given values are thus obtained with a

relative precision of about 25% for both 7TeV and 8 TeV centre-of-mass energies. The

124
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measured production cross-section comprises possible contributions from the heavier

charmonium states.

This is the first measurement of prompt 7. production in pp collisions. The obtained
cross-section of the 1, prompt production is in agreement with the colour-singlet leading
order calculations, while taking into account colour-octet LO contribution predicted
cross-section exceeds the observed one by two orders of magnitude [I11]. However the
NLO contribution is expected to significantly modify the LO result [112]. Measurements
at the nominal LHC energy of 14 TeV will allow studying the energy dependence of the

7. prompt production.

The n. production as a function of pr is obtained by fitting the pp invariant mass
spectrum in three or four bins of pr. The J/ip pr spectrum from Refs. [37], 0] [49] is
used to obtain the 7. pt spectrum for both prompt production and inclusive 7. produc-
tion in b-hadron decays (Figs. and [4.19). The pr dependence of the 7, production
rate exhibits similar behaviour to that of the .J/i) meson rate in the studied kinematic
regime, though with significantly larger uncertainties. Calculations of the NLO contri-
bution to the cross-section are important to compare the observed pr dependence to
the theoretical predictions [113] [114].

The values of 0, (v/s = 7TeV) and 0, (1/s = 8 TeV) are given in pr and rapidity
bins in sec. [4.5.2

With the known J/i) cross-section values for 7 TeV and 8 TeV centre-of-mass region,
obtained from the J/i) cross-section measurement using J/i — p*p~ LHCb analyses
[37, B0, [49], we extracted the absolute 7. production cross-section in the same rapidity

and pr regions:

(0-775)7Te\/' = 052 :l: O'Ogstat :t 0'08syst :l: 006
= 0.59 £ 0.11544¢ £ 0.095y5 £ 0.08

T3 Bapy —ppnc—pp H

(0n)sTev T -1 TE— o}

at a centre-of-mass energy /s = 7TeV and /s = 8 TeV, respectively. First error corre-
sponds to the statistical uncertainty, second error corresponds to the systematic uncer-

tainty and third error represents the uncertainties coming from branching fractions.

Using an integrated luminosity of 0.7 fb~! collected in 2011, and 2.0fb~* collected in
2012, the first measurement of the 7, inclusive yield in b-hadron decays was performed.
By correcting the yield ratio with the ratio of branching fractions B —pp/Bn.—ps =
1.39 4+ 0.15 [11], the ratio of the inclusive b-hadron branching fractions into 7. and J/i
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final states for charmonium transverse momentum p > 6.5 GeV/c is found to be
Bysnox [ Bosgppx = 0421 % 0.055,400 £ 0022450 £ 0.0455,,

where the third uncertainty corresponds to the uncertainty on the J/i) — pp and 1, —
pp branching fractions [I1]. Assuming that the transverse momentum pr(n., J/i) >
6.5 GeV/c requirement does not bias the distribution of charmonium momentum in the
b-hadron rest frame, and using the branching fraction of b-hadron inclusive decays into
J/ip mesons from Ref. [TT] B,y x = (1.16 & 0.10)%, the inclusive branching fraction

of n. from b-hadron decays is derived as

Bynox = (4.88 % 0.645q¢ £ 0.2555 £ 0.675, By o ps) X 1077

where the third uncertainty component includes also the uncertainty on the J/i in-
clusive branching fraction from b-hadron decays. This is the first measurement of the
inclusive branching fraction of b-hadrons decay into a 7. meson. It is consistent with
a previous 90% confidence level upper limit restricted to B~ and BY meson decays,
Bp- posn.x < 9x107% at 90% confidence level [11]. A direct determination of the ratio
B /s —ps/ Bp.—pp, Which may be accessible to the BES collaboration, can significantly
reduce the systematic uncertainty of the result.

The 7. state parameters, mass and natural width are also addressed using low-
background sample of charmonia from inclusive b-hadron decays. The results of the fits
are represented with the 2D contour plots on the m,_ and I';, plane for the 2011 and
2012 samples on Fig. [1.25] Resulting numbers and analysis details are given in sec. [4.11]

The values, obtained with the combined data set, are

my, = 2982.0 & 1.5 £ 0.1 MeV/c?
I, =258+52+1.9MeV,

which are consistent with the PDG average values [11].

Upper limits on the prompt production cross-section of the x.o, Xec1, he and xeo
mesons, relative to the J/) production cross-section, are obtained. Results, given in
sec. 4.12, show that sensitivity to the production cross-section of some of these states

is compatible to that of the J/i) production.

Studying charmonium production in the decays to the proton-antiproton final state
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allows important measurement of the absolute 7. production cross-section. Using char-
monium decays to other hadronic final states, and in particular to ¢¢, will provide a
possibility to access the production of other charmonium states, measuring them rel-
atively to the 7. production, where the J/i) can not be used for normalisation since
JP =1~ states decays to ¢¢ are forbidden.

Precise determination of masses and natural width of other charmonium states can
be performed, extracting pure ¢¢ component with two-dimensional fit technique or ;Plot
technique [115] 100]. Important measurements of the charmonium mass differences and

natural widths can be performed for the x., h. and 7. (2S) states.



Chapter 6
List of the main results

All production measurements are performed in 2.0 < y < 4.5, pr > 6.5 GeV/c kinematic
range
Prompt charmonium production
e Production relative to J/i:
> /s =T7TeV

(One/Ta) spey = 174 £ 0.29500 +0.284 £ 0185,
(Oxeo/ T )2 gy < 0.6 @ 90% CL

(Oxer /T ) gy < 2:9 @ 90% CL

(Ohe/Ts0) ey < 0-09 @ 90% CL

(Oxea/ T ) gy < 4.8 @ 90% CL

> /s = 8TeV

(One/Ta) gy = 1:60 £ 0.2950¢ & 0.254 + 0175,
(Oxe/Taps) gy < 0.6 @ 90% CL

(Oxer /O ) g oy < 3T @ 90% CL

(Ohe/oup ) g ey < 0-03 @ 90% CL

(O'XCQ/O'J/w)STeV < 2.2@90% CL

128
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e Absolute production cross-section:
> /s =T7TeV

(g )y = 0-52 £ 0.09,0¢ % 00851 + 0.06
(Oyeo)7rey < 0.2b @ 90% CL

) pb
)
(Oxer )7 ey < 0.8 ub @ 90% CL
)
)7

3 s By —ppne—pp

(Oh.)7pey < 0.03 ub @ 90% CL

(JXCQ

e < L4 pb @ 90% CL

> /s =8TeV

sty = 0-59 £ 0.11 444t & 0.094y5 = 0.08 b

(Tn)g 1o
(ch0>8TV < 0.2ub @ 90% CL
(Ot )gmey < 1.4 b @ 90% CL

)
)

319+ By —ppne—pp H

(0h)g ey < 0.01 b @ 90% CL
(0xes)smey < 0.8 b @ 90% CL

Inclusive 7. production in )-hadron decays
e Production relative to J/i):

By x | Bos g x = 0.421 £ 0.05540 £ 0.022,, 0.0458,,, o e sm
e Absolute production cross-section:
By pox = (4.88 £ 0645101 £ 01755 +0.675, 1, By pn) X 1072

The 7. mass and natural width

my, = 2982.0 & 1.5 & 0.1 MeV/c?
I, =258+52+1.9MeV.
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Appendix

.1 Selection criteria optimisation

Selection criteria in both prompt and secondary analyses were optimised to obtain the

maximal value of significance S = Ny;/1/Nigr + Nsig, see section for the detailed
description of the optimisation procedure. Optimisation plots are shown for candidates

from b-hadron decays on Fig. 2] and for prompt candidates on Fig. [1}
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.2 J/ cross-section in pr and rapidity bins

In order to derive absolute values of the 7. prompt production cross-section and the
n. inclusive yield from b-meson decays, the J/i) production cross-section in the same
kinematic region should be known. The J/i inlusive production cross-section in pr and
rapidity bins, taken from Refs. [37, 50, [49] and the LHCb analysis note ANA-2013-019
is shown in Tables , and . Given cross-section values correspond to the /s = 7
TeV with and without polarisation corrections introduced in Tables [I] and [I and to
the /s = 8 TeV in Table . Detailed procedure of the cross-section calculations and

polarisation corrections is described in section [4.9.3]



List of the main results 135

rapidity | pr, GeV/c  cross section  stat. error  syst. error uncorr.  syst. error corr.
2.0-2.5 6-7 101.2 1.9 7.3 8.0
7-8 62.2 1.4 4.1 4.6
8-9 32.5 0.9 2.1 2.2
9-10 18.5 0.7 1.2 1.3
10-11 10.8 0.5 0.7 0.9
11-12 5.7 0.3 0.4 0.4
12-13 4.2 0.3 0.3 0.3
13-14 2.8 0.3 0.2 0.2
2.5-3.0 6-7 94.1 1.3 6.4 2.9
7-8 50.6 0.9 3.7 1.7
8-9 28.1 0.7 1.8 0.9
9-10 15.8 0.5 1.0 0.5
10-11 8.7 0.4 0.6 0.3
11-12 5.0 0.3 0.3 0.2
12-13 3.4 0.2 0.2 0.1
13-14 2.7 0.2 0.2 0.1
3.0-3.5 6-7 71.7 1.1 4.8 1.9
7-8 37.8 0.7 2.4 1.2
8-9 20.3 0.5 1.3 0.6
9-10 10.8 0.4 0.7 0.3
10-11 7.7 0.3 0.5 0.3
11-12 4.0 0.2 0.3 0.1
12-13 2.6 0.2 0.2 0.1
13-14 1.4 0.1 0.1 0.1
3.5-4.0 6-7 54.6 1.0 3.5 1.6
7-8 26.2 0.6 1.7 0.9
8-9 14.3 0.5 0.9 0.5
9-10 7.2 0.3 0.5 0.2
10-11 4.2 0.2 0.3 0.2
11-12 2.2 0.2 0.1 0.1
12-13 1.0 0.1 0.1 <0.1
13-14
4.0-4.5 6-7 30.6 1.0 1.9 1.4
7-8 16.7 0.7 1.1 0.9
8-9 7.8 0.4 0.5 0.4
9-10 4.0 0.3 0.2 0.2
10-11 2.5 0.2 0.2 0.2
11-12
12-13
13-14
2.0-4.5 6-7 176.1 1.5 5.8 7.9
7-8 96.8 1.0 3.2 4.7
8-9 51.5 0.7 1.6 2.3
9-10 28.1 0.5 0.9 1.3
10-11 16.9 0.4 0.5 0.9
11-12 8.5 0.3 0.3 0.4
12-13 5.6 0.2 0.2 0.3
13-14 3.4 0.2 0.1 0.2

Table 1: The J/i) cross section in pr and rapidity bins, y/s = 7 TeV results
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rapidity | pr, GeV/c  cross section  stat. error  syst. error uncorr.  syst. error corr.
2.0-2.5 6-7 109.9 1.9 5.7 6.0
7-8 60.6 0.9 2.8 3.2
8-9 35.0 0.9 0.9 2.0
9-10 18.3 0.7 0.5 1.0
10-11 11.0 0.5 0.3 0.6
11-12 6.3 0.4 0.2 0.4
12-13 4.4 0.3 0.2 0.2
13-14 2.7 0.3 0.1 0.2
2.5-3.0 6-7 98.5 0.9 3.8 5.6
7-8 54.0 0.9 2.8 2.8
8-9 29.4 0.9 0.9 1.6
9-10 16.5 0.5 0.2 0.9
10-11 9.3 0.4 0.1 0.5
11-12 5.6 0.3 0.1 0.3
12-13 3.3 0.2 0.1 0.2
13-14 2.5 0.2 0.1 0.1
3.0-3.5 6-7 e 0.9 2.8 4.4
7-8 41.7 0.9 0.9 2.4
8-9 21.8 0.9 0.9 1.2
9-10 11.9 0.4 0.1 0.7
10-11 7.4 0.3 0.1 0.2
11-12 4.3 0.3 0.1 0.2
12-13 2.7 0.2 0.1 0.2
13-14 1.2 0.2 0.1 0.1
3.5-4.0 6-7 55.9 0.9 1.9 3.2
7-8 27.5 0.9 0.9 1.6
8-9 15.1 0.5 0.1 0.8
9-10 7.8 0.4 0.1 0.4
10-11 4.6 0.3 0.1 0.2
11-12 2.5 0.2 0.1 0.1
12-13 1.1 0.1 0.1 0.1
13-14
4.0-4.5 6-7 32.2 1.0 1.3 1.8
7-8 16.1 0.7 0.8 0.9
8-9 8.0 0.5 0.4 0.4
9-10 3.9 0.3 0.2 0.2
10-11 2.1 0.2 0.1 0.1
11-12
12-13
13-14
2.0-4.5 6-7 187.0 0.9 2.5 4.4
7-8 99.9 1.0 2.2 5.5
8-9 54.6 0.9 0.8 3.1
9-10 29.2 0.5 0.3 1.6
10-11 17.2 0.4 0.2 0.9
11-12 9.3 0.3 0.1 0.5
12-13 5.8 0.2 0.1 0.3
13-14 3.2 0.2 0.1 0.2

Table 2: The J/ip cross section in pr and rapidity bins, \/s = 7 TeV results, with the
luminisity correction introduced
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rapidity | pr, GeV/c  cross section  stat. error  syst. error uncorr.  syst. error corr.

2.0-2.5 6-7 126.5 1.65 2.29 9.07
7-8 68.05 1.07 1.98 4.88

8-9 39.23 0.74 1.88 2.81

9-10 22.04 0.52 0.66 1.58

10-11 13.6 0.39 0.45 0.98

11-12 8.06 0.28 0.23 0.58

12-13 5.26 0.22 0.2 0.38

13-14 3.3 0.17 0.21 0.24

2.5-3.0 6-7 116.27 1.07 4.31 8.34
7-8 63.25 0.74 1.09 4.53

8-9 34.85 0.52 0.84 2.5

9-10 19.54 0.37 0.49 1.4

10-11 11.59 0.28 0.37 0.83

11-12 7.29 0.22 0.33 0.52

12-13 4.31 0.16 0.06 0.31

13-14 2.94 0.14 0.07 0.21

3.0-3.5 6-7 97.25 0.94 1.76 6.97
7-8 51.21 0.64 1.23 3.67

8-9 27.34 0.45 0.98 1.96

9-10 15.08 0.32 0.7 1.08

10-11 8.88 0.25 0.15 0.64

11-12 5.03 0.18 0.11 0.36

12-13 3.3 0.14 0.1 0.24

13-14 2.09 0.11 0.09 0.15

3.5-4.0 6-7 73.68 0.84 1.33 5.28
7-8 37.39 0.56 0.82 2.68

8-9 20.05 0.4 0.54 1.44

9-10 11.04 0.29 0.38 0.79

10-11 6.24 0.2 0.28 0.45

11-12 3.85 0.18 0.16 0.28

12-13 2.23 0.13 0.05 0.16

13-14 1.49 0.1 0.04 0.11

4.0-4.5 6-7 48.4 0.9 0.92 3.47
7-8 23.95 0.59 0.6 1.72

8-9 11.83 0.39 0.34 0.85

9-10 6.64 0.27 0.24 0.48

10-11 3.4 0.18 0.15 0.24

11-12 2.05 0.14 0.1 0.15

12-13 1.04 0.09 0.03 0.07

13-14 0.45 0.06 0.02 0.03

2.0-4.5 6-7 231.05 1.3 2.7 16.6
7-8 121.93 0.8 1.4 8.7

8-9 66.65 0.6 1.2 4.8

9-10 37.17 0.4 0.6 2.7

10-11 21.86 0.3 0.3 1.6

11-12 13.14 0.2 0.2 0.9

12-13 8.07 0.2 0.1 0.6

13-14 5.14 0.1 0.1 0.4

Table 3: The J/i) cross section in pr and rapidity bins, y/s = 8 TeV results
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