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Introduction

The LHCb detector is one of the four main experiments iretiatht the proton-proton Large
Hadron Collider (LHC) at CERN, Geneva. The first beams catad in the collider in Septem-
ber 2008 and the data taking started in April 2010. The LHCieder is a single-arm forward
spectrometer conceived to extensively study the CP vasldti the B meson system, looking for
constraints of the Standard Model predictions, for possifilects of new physics beyond this the

ory and generally for rare phenomena in trendc quark sectors with high precision.

Already in the first data recorded by the experiment, a hugeuatnof .//¢) mesons have been
collected, which allow to make an extensive study of the riwania production. This is a very
interesting sector in particle physics. From the expertadgooint of view, the measurement of
the charmonium production cross section and polarizatebeen carried on by several exper-
iments. At Tevatron, CDF measured thi¢y) and(2S) cross section and the polarization with
Run I and Run Il data. HERA-B at DESY performed a measuremigiieo/ /¢ polarization with
proton collisions on fixed target. Also the PHENIX collakiima at RHIC recently published a
measurement of thé/« polarization withpp collisions. The experimental results obtained for the
J/+ polarization are hardly comparable among each other begaerformed in different kine-
matic ranges and reference frames. For what concerns tbgytheedictions many models have
been proposed in the recent years but none of them is ableatdiié same time the charmonium
production cross section and polarization.

The present work aims at giving a preliminary measuremernthefprompt.J/v) polarization,
binned in.J/« transverse momentum and rapidity, and of the double diftexkeproduction cross
section (in transverse momentum and rapidity bins) ofih¢ prompt component: this is done
analysing the//v) decays into a muon pair. The cross section is calculateddakto account the
measured polarization. Moreover the double differentraldpction cross section, in transverse
momentum and rapidity, of thé/:) component coming from thiehadrons decays is presented.
From this last result théh production cross section is extrapolated from the LHCb krgrover-
age to thelr solid angle.

The discussion is organized in eight chapters. The firsttehagpntains an introduction to the
physical motivations that drive the interests in the chammm production and a description of
the most recent theoretical models: a presentation of theigdl observables and a panoramic
view of the experimental situation is also given. In the secchapter an overall description of the



LHCb detector is given. The experimental conditions of th&é@data taking are also described.
The third chapter will give some basic introduction to theek reconstruction and the muon iden-
tification procedures in LHCb. The fourth chapter will delserthe selection of the interesting
signal events and the procedure to disentangle the prontpfram b /1) components. In the
fifth and sixth chapter the polarization and cross sectioasuements are described and the ob-
tained results are presented. In the last chapter the @ogkiand a summary of the analysis will
be drawn.



Chapter 1

Charmonium production mechanism

1.1 The Quantum Chromodynamics frame

The Quantum Chromodynamics (QCD) is the sector of the Stdridadel (SM) [1] which de-
scribes the strong interactions. It can be obtained by theptete Standard Model by setting the
weak and electromagnetic coupling constants to zero. lpn@sosed for the first time in the early
1970s by David Politzer, Frank Wilczek and David Gross, forch they were awarded the Nobel
Prize In Physics in the 2004.

The QCD is a SU3) gauge theory, described by the Lagrange denisity [2]:

1 )
Locp = —ZFﬁVFa“” + Zq(w“DH —myg)q (1.1)
{a}

whereg can be each one of the quark fields (* flavours{g} = u,d, s, ¢,b,t, Fjj, = 0, A} —

9y A% + gf*e AL AS is the kinetic term andD,, = 0, — i7" A is the covariant derivative. Here
fa% are the SU3) structure constalﬂsTa are thes SU(3) generatorsAf, are thes gluon fields
and g is the strong coupling constant. The QCD Lagrange densitgveriant under Poincaré,
parity, time reversal and charge conjugation transfomnati It is also invariant under (W) trans-
formations and this implies that the flavour is conserved:aBse it is a non-Abelian gauge theory
the physical spectrum contains only color singlet statbég simplest among these states are made
by two quarks and they are calleaksons, or formed by three quarks, nambaryons. Also other
possibilities can be expectedé The strong coupling cohgtarelated to the QCD coupling con-
stanta, by the relationn, = g,

Inthe 1973 David Gross and 7Igrank Wilczek [3] and David Pelifd] discovered that the coupling
constanty (¢) decreases with the increasing of the momentum transfez ¢caj in other words,
that the interactions become more and more weak at shoahdist This property is known as the
asymptotic freedom and is common to a wide range of non-Abelian theories. A timdvantage

In SU(3) the commutator rules given by the structure constant§Zarel;] = i fop T, Wherea,b,c = 1...8.



of this behaviour is that at high energies perturbativetations ina, are possible. At low en-
ergiesa; is close tol and the expansion is no more possible. Therefore some mturipative
technique, as lattice calculations, must be used. Intiaduthe Agcp parameter as the energy
scale of the theory, the quarks can be divided in light andyhegaarks, according to their mass
values:u,d ands are light quarks, witm, < Agcp (¢ = u,d,s) andc,b andt are heavy quarks,
with mg > Agep (Q = ¢,bit).

1.2 Properties ofJ /1 resonance

The J/v resonance has been observed for the first time in 1974 at thekBaven National
Laboratory inp + Be reaction[[5], and at the Stanford Linear Acceleratort€ein theete™
annihilation [6] by two groups led by Ting and Richter. Thedtivery of this state led to the
confirmation of the existence of a fourth quark (in additiorthie already known, d, s [7},(8,9]),
the charm, predicted by the theory in 19641[10] and 1970 [11].

The J/v) meson is a bound state made by a charm and an anti-charm. Ssiateds called
charmonium, by analogy with the positronium, a bound statmpmosed by an electron and a
positron. Thanks to this simple structure, the charmonivopgrties, like the mass spectrum, the
quantum number and the decay properties and modes, can ljgeditted.

The charmonium states are summarized in Eig. 1.1 [12]. Thenobnium ground state is the
spin singlet.(15) with quantum numberg”® = 0~+. The.J /4 is instead a spin triplet with
quantum numberg”¢ = 17~ and mass equal te 3096.916 MeV/c?. Since theJ/+ state is
colourless it can decay only through the emission of thraergd or two gluons plus an additional
radiative photon, at the leading order Feymann diagrams. th#® reason such a resonance is
extremely narrow, with a width of 92.9 keV. In Tab[1.1 the maid/«) decay modes are listed.
In hadron-hadron collisions three processes can lead twhdm@nonium production:

e direct production in hadron hadron interaction;
e feed down from higher charmonium states;
e decay ofb-hadrons.

In the first two cases thé/« is produced promptly at the primary vertex of the interactién
the third process thiehadrons travel away from the primary vertex before deaagmtheJ /1) is
produced delayed with respect to the primary interactiantnow on “prompt”.J /¢ will refer
to the first two processes whil&/y) “from b” or “delayed’ .J/« will refer to the third process.
In the specific//¢ case, the feed down can occur from the decays(@t) and the three states
Xc0» Xels Xe2, through the processes listed in Tlabl 112y is produced in the decays bfhadrons
such as thé3*, B? ad theB;, with the branching fractions listed in Tab.11.3.
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Figure 1.1: Charmonium states and decays.

| hadrons + virtualy | (13.50 & 0.30) % |

999 | (64.1+£1.0)% |
Y99 (8.8+0.5) %
ete” (5.94 £+ 0.06) %

whp~ (5.93 +0.06) %

Table 1.1:J /1 decay modes.

Xeo — J/y | (1.30 £0.11) %
Xet — J/vy | (35.6 £1.9)%
Xez = J/Uy | (20.2+£1.0)%
bas — JJOX | (56.1+0.9) %

Table 1.2: Main processes in thg'y) production, involving the decays of higher charmonium
states, with the corresponding branching fractions.

BY/B% — J/yX | (1.094£0.032) % |
By — J/é (0.134£0.04) % |
| b— hadrons— J/¥X | (1.16£0.10) % |

Table 1.3: Mainb-hadron decays to thé/«) with the corresponding branching fractions.
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1.3 Charmonium production

When the heavy quarkonium, a heavy quark anti-quark bouwatd, st produced in hard-scattering
process, the hard-scattering scalelays a role in the description of the production proces$.[13
In the hadroproduction (hadron-hadron collisions) anchinhhadron-lepton collisiong, has the
same order of magnitude of the quarkonium transverse mament. We can expect that the
quarkonium production mechanism can occur in two diffest@ps. At the first stage a quark anti-
quark pairQQ is created at the scate this production can be calculated within the QCD frame as
an expansion in series of (p). At the second stage thigQ pair evolves into the final quarkonium
state. Referring to the scale it is possible to introduce the term “short distancéilev‘long
distance” is referring to the typical hadronic momentumeseagv, mgu?, wherev is the heavy
quark velocity in the centre of mass, andcp. The factorization theorem establishes that in the
physical observables such as the cross section or the adgétseparation is possible between the
short distance terms, which can be calculated perturliatiamed the long distance ones, describing
the non-perturbative physics. This means that the phygigaihtities can be expressed as a sum
of products between short distance coefficients and openasdtrix elements. The latter contain
the long distance, non-perturbative dynamics. Many maoaletseffective theories can be used to
describe such a non-perturbative evolution. Among thenCtiler Singlet Model (CSM)[14, 15],
the Color Evaporation Model (CEM) [16] and the Non relati€QCD (NRQCD)[17] approaches
can be mentioned.

1.3.1 Color Singlet Model

The Color Singlet Model has been proposed in the 1975, stadtdr the discovery of thé/«) resonance
[14,[15]. The model assumes that 1)€) pair is produced in a color singlet state and during the
evolution in the quarkonium final state the spin and the aargulomentum are maintained. So
the quarkonium has the same quantum number of the iGiiabound state. The production rate
is given by the evaluation of th@(Q wave function atQ(Q distance equal to zero. The CSM can
predict with success the cross section values at low trassyaomentum but going higher i
large corrections at next-to leading order (NLO) and nexti¢xt-to leading order (NNLO) must
be applied, so that it is not completely clear if the expaméion is converging.

The CSM has been extensively used until 1995, when the Tevatiperiments showed an under-
estimation by more than one order of magnitude of the CSMigtied of the prompt charmonium
cross section in thgp collisions, as explained in sectidn (1.4.1).

1.3.2 Color Evaporation Model

The Color Evaporation Model [16] was proposed for the finstetin 1977. The model assumes
that the quarkonium staté cross section is given by a fractidfy; of the production cross section
for the QQ pair produced under thign,, threshold, wheré/ is the lightest meson containing the
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quark@. The upper limit to the cross section is given by fifemass threshol@m ; but no limits
are imposed on the spin or color quantum numbers. The fraglipis supposed to be independent
from the energy and the process. The model assumes alsti¢helor of the quarkonium state
is neutralized by the interactions between the non-peativd color fields.

CEM predictions are given faf /v , 1(2S) andx.; production cross section a8 GeV energy
in the center of mass. The data are roughly fitted by the thieat@rediction but the fit quality is
generally poor, sensibly lower than the one obtained wghNRQCD approach.

1.3.3 Non-Relativistic QCD approach

The NRQCD frame is characterized by an ultraviolet (UV) diita;r = {v,; vs}: herey, is the
UV cut off of the relative three-momentum of the heavy quaréd anti-quark, while/s is the UV

cut off of the energy in the center of mass frame of the heaaylqgand antiquark.

The NRQCD must describe the dynamics of the quark-antigpairs at energy scales in the centre
of mass frame smaller than their masses. The high energgsses are instead taken into account
through the short distance coefficients: infinite such teshmuld be included but in practice only
few of them give a contribution.

Taking advantage of the property of the asymptotic freedentan be written as a function of the
momentum transfey in the scattering process at the lowest order:

_ 47
~ Biln(¢?/Agep)

where; is thebeta function of the QCD [18] and\gcp ~ 200 MeV. With this expression for
a, and usingAgcp as scale, the interactions are “strong” when~ 1.

In the specific case of hadroproduction, the heavy quark maagad the transverse momentum
are higher tham\gcp and the cut off is such thatgcp < vnr < m. Thus the corresponding
values of the QCD running coupling constantare significantly lower than one: in the specific
case of thec andb quark masses;(m.) ~ 0.25 andag(my) ~ 0.18. Moreover thec quark
squared velocity? is roughly equal t@.3. Thusv anda, are two small parameters in NRQCD
and the expansion can be done in powers of both of them. Todmaeecuracy of ordes*v”,
the Lagrangian must contains terms which contribute to bysipal observable under study up to
that order. Up to the field redefinition the NR?CD Lagrangiandne heavy flavour of mass at

as(q?) (1.2)

@ 1 , including the kinetic energy termD— is [2]:
m2 8Sm3

ENRQCD = ﬁg + ﬁw + EX + £1ZJX (1.3)
where ) )
L= F"Fi, + c‘{m 9 fabe F, FUVFY (1.4)
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D? D -B
Ly=T$iDy+ co— + cam—s + erg s+
2m 8m 2m (1.5)
D-E-E-D  o-(DxE—-ExD) '
cpg 8m? + 1cs 3m?2 (
L, = charge conjugate of,, (1.6)
(31 Cfl Crs Crs
Loy = #01(150) + #01(351) + #08(150) + #08(351) = an

Cr1 Cr1 Cfs Cf8
= Lubode + Lptoxytop + LptrandTey + LytrioyyiT0y
m m m m

wherey andy are the Pauli spinors which annihilate the quarks and ctbatantiquarks respec-
tively. ThereforeiDy = i0y — gA§T® andiD = iV + gA*T* are respectively the scalar and
three-vector terms of the covariant derivatii. = F97% and B' = —¢;;, F7**T?/2 are the
chromoelectric and chromomagnetic fields. Thg'Sy), O1(351), Os(1So) andOg(35;) are the
four fermion operators: theandg indices label the colour singlet and octet states. The altbw
operators are constrained by the symmetries of the QCD. Tdiehing coefficients; may be
calculated in the perturbation theory. The coupling patemnsg, m andc; are determined by the
request that the NRQCD reproduces the QCD results up to the @fv".

The main assumption of the non-relativistic QCD approadhas it is possible to calculate the
production rate using the perturbative theory. To do thishigh momentum, perturbative effects
(short distance) must be separated from the low momentumpadurbative ones (long distance),
through a factorization, as described in the following isect

Factorization in NRQCD

As introduced in the previous section the NRQCD approachnass that it is possible to make
an expansion in powers of the heavy quark veloeitin the centre of mass and of the strong
coupling constantrs. The heavy quark state can be decomposed in terms of orémanium
vector meson state function [19]:

(Q) >=0(1)|QQ,[*S1] > +
+0(0)|QQs[*Pslg > + (1.8)
+0(v?)|QQs[' Solg > +O(v?)|QQ; g[*S1]gg > +O(v*)|QQ; s[*Dslgg >

The spin, orbital and the total angular momentum are indét&dr each Fock component in square
brackets. The singlet and color indices indicate the cotsiggment. If only the order im

at which theqgq pair hadronizes is relevant in ed._{|1.8), only the leadingkFmomponent will
dominate. In this case the CSM model is retrieved, in whiehhbavy quarkonium production
proceeds through the generation of a colourl@g3 state with the same quantum number of the
final state. But considering higher order«nalso other terms with different quantum numbers
will enter in the expansion. These octet bound states aaeiassd with the production of hard
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gluons and they will evolve non-perturbatively toward thafistates. Thus the NRQCD approach
is able to include both the Color Singlet and Color Octet (CJiM|]) models. In the NRQCD
factorization approach the cross section can be writteruas & products of NRQCD matrix
elements and short distance coefficients:

o [H] = on(A; QR Ly(1,8))(O1,8 (A Ly)). (1.9)

The A parameter is the ultraviolet cutoff of this effective thgar,, are the short distance coef-
ficients: because the momentum scale is higher tharthey can be evaluated as expansion in
powers ofv of the QQ pair production cross section amdrefers to the color, spin and orbital
angular momentum state: thus the sum runs over all the pes3® states.

The eq. [1.B) includes the factorization between the peative short distance tero{A; QQ[*+1L,(1,8)])
and the non-perturbative long distance evolution to the fiestate(O; s(2°*1L;)(A)). The
(O1.8(*F1L;)(N)) are vacuum expectations of the four-fermions operator iIQR. Basically
these operators create) pair, which can evolve in the final heavy quarkonium state. tiAd
non-perturbative physics involved in this evolution is t@oned in these operators. The vacuum
expectation of such an operator is the probability that@g pair forms an heavy quarkonium
plus anything. The benefits of such a description is thatetimeatrix elements are process inde-
pendent. The matrix elements describe both the evoluti@(@f) pair produced in color singlet
and color octet state into a color singlet heavy quarkonium.

The short distance terms describe €@ production in the interaction between two partons: they
are basically the cross section computed in powers,of

1.4 Observables in hadroproduction studies

To compare the various theoretical explanations of theymtioh of quarkonium states, physi-
cal observables that can be measured experimentally adede®ossible choices are the inclu-
sive and the differential production cross section of themgt component and the polarization.
The following sections are mainly focused on the quantitatesl to theJ/+ production and a
panoramic of the experimental results already obtained/éng

1.4.1 Cross section measurements

In Tevatron Run | the CDF Collaboration measured the diffeéa production cross section of the
prompt component of several charmonium states, includiag tv , in pp collisions at/s = 1.8
TeV [20]. The measurement has been done looking at the dé¢ag 8/ into a muon pair.

The measured cross section is shown in Figl 1.2: the datateefee J /i) component directly
produced in the collisions. The Color Singlet Model preadits are shown as dotted lines: the
more steeply falling line is the CSM calculation at the leaddrder inas while the second dotted

15
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Figure 1.2: Direct/ /¢ production cross section as measured by the CDF collabarafihe data
points are compared with the different contributions clalimd in the CSM and COM frameworks.

line is the the prediction at higher order involving the glumagmentation contribution. The
diagrams corresponding to the leading-order color singlet

gg — ce>Si]+g (1.10)
and to the color singlet fragmentation
99— e8] + 9] + g (1.11)
; &5 (2'115~)l
B s oo n::f —lr

Figure 1.3: Diagrams for the leading order color singlattéeft) and for the gluon fragmentation
to the3$; color singlet state.
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Figure 1.4: Diagrams for gluon fragmentation to #sg (left) and for the gluon fusion to th&P;,
18, (right) color octet states.

are shown in Fig[_1]3, respectively on the left and right. Teeling-order term falls like /p5.
while the contribution coming from the gluon fragmentatisproportional tal /p%.. Thus the lat-
ter contribution renders the cross section shape compatiith the CDF measurement. However
the observed rate is more than an order of magnitude higharttte CSM expectation. A similar
discrepancy was found also in thig¢2.5) cross section.
In the NRQCD approach the charmonium production cross@ectntains not only the CSM
terms, which are absolutely normalized, but also the COR$ewhose normalization is given by
the color octet matrix elements. The most important matexnents for the//v) production are
(Of(351)), (O (*Py)) and(Of (1 5y)). The Feymann diagrams for the gluon fragmentation to
the3S; octet state

gg — @SS +g (1.12)

are shown in Figl_1]4 (left) and fall liké/p%. The gluon fusion to théS, and?3P; octet states,
whose diagrams is also shown in Hig.]1.4 (right)

gg— cePP8LSS+ ¢ (1.13)

falls instead Iikel/p?‘r. Thus the first term will dominate in the cross section corafiom at high
pr over the second, which will be significant only belewl0 GeV/c .

From eq. [(1.B) it can be seen that the COM quarkonium prooludsi associated to the emission
of gluons. The gluons emitted in the CSM have generally a igh pr to be able to change
the quantum numbers of th@Q pair into the ones of the findll state. Since these gluons will
carry most of the transverse momentum, the produced quarkoin the CSM will tend to have
a lowerpr values. As it can be seen in the figure the CSM expectation,imttuding the gluon
fragmentation, is below the measured data points by a fact@0. Only including the COM
contributions, the experimental results can be explained.

1.4.2 Polarization studies

The J/v polarization is, together with the cross section, a crugigntity to explain the quarko-
nium production mechanism. Forla~ state such as thé/+) or the)(25) the polarization can
be measured by looking at the angular distribution of thelgptons produced in the quarkonium

17



decay, which depends on the spin state of the quarkoniumaitar decay rate will be:

dar

1 29. 1.14
R x 14 acos ( )

The 6 angle is defined as the angle between the three-momentune giottitive lepton in the
quarkonium rest frame and a chosen polarization axis. Theelof the polarization depends on
the processes in which the quarkonium is produced. At anonacillider the most convenient
choice is the direction of the boost vector from the quarkoniest frame to the centre of mass
frame of the colliding hadrm% The polarization variable: can take values betweerl and+1:

a pure transverse or pure longitudinal polarization ingalie= +1 or o = —1 respectively.

The NRQCD gives a simple prediction of the polarization ablé « at large transverse momen-
tum. The production of a quarkonium state with much larger than its mass is dominated by the
gluon fragmentation, in which the quarkonium is formed ia ttadronization of a gluon created
with larger transverse momentum. The dominant gluon fragat®n process as predicted by the
NRQCD factorization is the gluon fragmentation of)&) pair into a>S; state, at an order af;.

At large pr the gluon involved in the fragmentation process is nearljft®mass shell and thus
it is transversely polarized. Moreover thescaling rules predict that the color octet stafg@
keep the transverse polarization while evolving ih%a state, up ta? corrections. There might
be some dilution given by various reasons, such as the ragliarrections and the color singlet
models. For what concerns thi¢q) the feed down from higher charmonia states is also important
a10% and a30% contributions are given to thé/+) production by the)(2S) andy. decays.

On the contrary the Color Evaporation Model gives a zeromma#on prediction.

Fig. [1.5 shows the CDF measurement from Run] [21] of fieé polarization variablex as a
function of the transverse momentum, compared with the NR@&diction. The data points
are in agreement with the theoretical expectation excapth® highpr bins. In particular the
expected increase of the polarization at highvalues is not observed. The measurement has
been repeated in Run Il by CDF[22] i collisions at,/s = 1.96 TeV, giving different results, as
showed in Figl_1]6. The experimental data indicates a $jidgrigitudinal polarization, increasing
in magnitude with increasingy.

For what concerns the fixed target experiments, the mostenient choice of the polarization
axis is the direction of the boost vector from thigy) rest frame to the laboratory frame. The
J /v polarization was measured by the HERA-B experiment [23]BSW in proton-nucleus col-
lisions at a centre of mass energl = 41.6 GeV, showing a longitudinal polarization, increasing
with the increasing . Since there is no overlap between the CDF and HERA-B kinemagions

is not possible to directly compare the results from the twpeements. Thus it is not possible
yet to draw a strong conclusion in the present situation.

2This could be different from the laboratory frame becausanimadron collider the two beams can collide with an
angle.
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Figure 1.5: Run | measurement of th&vy polarization variablea as a function of the
J/1 transverse momentum by the CDF collaborationppncollisions at\/s = 1.8 GeV. The
band is the NRQCD factorization prediction, while the otberves are the values for the different
feed down contributions.

1 I T T T T ] T T T T ] T T T T I T T T T | T T T T I:
0.8 (a) E
0.6 =
0.4 e CDFData
02C NRQCD =

- —— k,-factorization 5
o B e —
_ - ———p— $ . 1 ]
0.2F ¢ 7
041 =
-0.6 - =
-0.8 :—¥ =
-10L A B B R
5 10 15 20 25 30

pr (GeV/c)

Figure 1.6:J /1) polarization variablex as a function of the/ /¢ transverse momentum, measured
by the CDF collaboration, in Run Hp collisions at,/s = 1.96 GeV. The experimental results are
compared with the NRQCD expectations.
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Chapter 2

The LHCb experiment

The LHCDb detector is one of the four experiments that arelilest at the Large Hadron Collider
(LHC) at CERN in Geneva, Switzerland. The LHC project hasieggproved in December 1994,
The first beams have circulated in September 2008 and thedifistions at high energy, 7 TeV in
the centre-of-mass frame, took place in April 2010. Up to mowntegrated luminosity of fo—!
has been recorded by the LHCb experiment.

In this chapter an overall description of the acceleratar @frthe experiment will be given. Each
sub-detector will also be described in the following setwio

2.1 The Large Hadron Collider

LHC [24] is a circular proton-proton collider with a circuerence of 26.7 km, located under-
ground in the tunnel which also housed the LEP acceleratoe. BEams travel in opposite direc-
tions in two pipes enclosed within superconducting magoetded by liquid helium. The design
energy of the collisions and the peak luminosity are respagt,/s = 14 TeV in the centre-of-
mass andC = 1034 cm~2s~!. To reach such values of energy the beams are acceleratetirak
steps by the CERN accelerator complex, shown in Eig. 2.1r Fain experiments are installed
at LHC, ALICE [28], ATLAS [26], CMS [27] and LHCDb[]28] on the far interaction regions IP2,
IP1, IP5 and IP8 respectively (see Fig.]2.2). ATLAS and CMSranuired to work at the maxi-
mum peak luminosity delivered by LHC while the dedicatedaeaperiment ALICE needs to work
atL£ = 2 x 10?” for the nominal Pb-Pb collisions.

The instantaneous working luminosity of LHCb in 201Xis= 3.5 x 1032 cm~2s~!, while during
the 2010 data taking a valug = 1.6 x 1032 cm~2s~! was reached. This is almost two orders
of magnitude lower than the project value of LHC. At this lmasity the events containingp
interactions £ 30% of the total number of events) are dominated by single iotenas, as shown
in Fig.[2.3. These are the optimal conditions for data takjirgn the kind of physics which LHCb
aims to study. In fact to investigate tti#meson production, LHCb needs to identify their decay
vertices with very high precision and this goal can be redéha maximum number of twep
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Figure 2.2: Layout of the LHC collider, with the four main expnents, ATLAS, ALICE, CMS,
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interactions occurs in each bunch crossing. In order todidémand of LHCDb, the luminosity is
reduced by defocusing the beams in correspondence of IPgsAt 14 TeV thebb cross section
is estimated to b&00 mb while at\/s = 7 TeV it is about300 mb; given a luminosity ofl032
cm~2s~1 10'2 bb pairs are expected to be produced withia o ~! integrated luminosity (which
was the expected statistics at the end of the 2011 data Jakihgs means a three orders of mag-
nitude improvement with respect to tligfactories such as Babar [29] and Belle|[30]. At LHC
all the b-hadrons are produced with hadronization probabilitg®9%, 39.9%, 10.2%, 0.1% and
10% for B,, By, Bs, B. and theb-baryons respectively, contrary to thdactories where onlys,,
and B; mesons can be produced.

2.2 The LHCDb detector

The LHCb detector is a single-arm forward spectrometerh wit angular coverage of 10-300
mrad in the bending plane and 10-250 mrad in the non-bendegep Introducing the LHCb
laboratory frame, the axis lies along the beam axis, with positive direction gdnagn the Vertex
Locator to the Muon detector, theaxis is along the magnet field direction, pointing upwards$ an
the x axis is chosen in such a way that the three axes are right Hanleh this definition the
bending plane corresponds to the- = plane and the non bending plane is the y plane.

The particular geometry of LHCb is optimal to study tBemesons system because at the high
energy reached at LHC thlteandb hadrons are mainly produced within a small polar angle cone
around the beam axis, as shown in [Fig] 2.4.

The detector layout is shown in Fig. 2.5 as seen fromjthe: plane. The main characteristics of
the detector are listed below.

e High precision vertex reconstruction. In particular foragkonium studies a very good
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Figure 2.4: Polar angle éfandb quarks at LHC collisions energy, as simulated by PYTHIA éven
generator.
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Figure 2.5: A view of the LHCb geometry in the— = plane.
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minimum angular coverage and the average angle of trackimimm bias events, respectively.

proper time resolution is needed and for LHCb is between®G5

e Excellent particle identification, to separate the diffeérnal states. For what concerns the
muon identification it is:(1 — p) ~ 97%, with a mis-identification of(r — p) ~ 2%.

e High momentum resolutiorp/p ~ 0.35 — 0.55% for charged tracks.

The LHCb experiment consists of a vertex locator, a dipolgmes two Ring Imaging Cherenkov
detectors (RICH1 and RICH2), a tracking system, two caletérs (electromagnetic and hadron)
and a muon detector.

2.2.1 The vertex locator

The main task of the vertex locator (VELQ) |31] is to reconstrthe primary and secondary
vertexes. lts layout, shown in Fif._2.6, consists of 25 dacatations perpendicular to the beam
axis. Each station is composed by two disks of silicon micipsletectors segmented along the
radial and the azimuthal direction (see the sketch in Eid), 20 cover approximately an angle
of 182° and almost 200000 channels. As their inner radius is only wifm, the half-disks are
retractile, with a Roman Pot geometry, to avoid damagesduhe LHC beam injection.

The resolution for the reconstruction of the primary vesteis~ 42 um alongz axis and~ 11 um

on the perpendicular plane. The VELO is equipped also with.& &P VETO system, composed
by two disks located upstream the beam interaction poineé t@kk of the PILE UP VETO is to
count the number of primary vertexes in each bunch crossidgtas used by the first step of the
trigger to identify and possibly reject the events with mitven one interaction.
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Figure 2.7: Schematic view di— and¢—measuring VELO sensor. R—measuring sensor has
azimuthal strips at constant radius, whilé-ameasuring sensor has radial strips with stereo angle
betweenl 0° and20°.

2.2.2 The magnet

LHCb is equipped with a dipole magnét [32] generating a figdigally oriented (along axis)

with a maximum value of 1.1 T. During the data taking the figtection is periodically flipped to
avoid systematic uncertainties due to a possible asymroéthe detector along the axis. The
integrated field on the tracks crossing the magnet is arourd.4

2.2.3 The tracking system

The LHCDb tracking system is composed by four stations. Tlkedine, referred to as the Trigger
Tracker (TT), is in front of the Magnet and behind the RICHIlilevlthe last three (T1-T3) are
placed behind the Magnet with equal spacing.

The Trigger Tracker is formed by four layers of silicon mistrip detectors and it has two main
purposes. The first one is to reconstruct the tracks of low emuom particles, which will not
reach the following three stations. The latter is to givéh®ldigh Level Trigger a fast information
about the momentum of the particle with large impact paramet

The surface of last three stations is divided in two parts ifiner region (around the beam pipe)
is the Inner Tracker (IT)[33] and it is made by silicon midrgs detectors. The external region,
surrounding the IT, is the Outer Tracker (OT) [34] and it isi@ped with straw tubes with a
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Figure 2.8: Inner and Outer Tracker layout in a station.

spatial resolution of 20@m. Both the Inner and Outer Tracker are formed by four lay&ise
external and internal layers are read out respectivelygalogr axis and along the-5° directions
with respect to they axis, following thezuvz geometry (i. e. the twa layers have vertical
detection cells, the andv layers have detection cells rotated clock-wise and cowhbek-wise
respectively by &° stereo angle). This particular layout allows to measurejtheordinate and
at the same time solve the ambiguity on the position of whiehgarticle has crossed the stations.
A schematic view of one of the tracking stations is shown o [Ei8.

2.2.4 The Cherenkov detector

The purpose of the two Ring Imaging Cherenkovi [35] deteabbisHCh, whose schematic view
is given in Fig[ 2.9, is to identify the charged particleshwitomentum reaching 150 GeMdown
to 1 GeVt.

The first Cherenkov detector RICHL1 is located between the @Ehd the Magnet. Its angular
coverage is 300250 mrad, to match the full LHCb acceptance. It uses as mddaatombination
of silicon areogel and £, which is well suited to detect and identify particles wibwimomen-
tum (below 60 GeW). The RICH2 is located in front of the two calorimeters anllds a reduced
angular acceptance, 12000 mrad. It uses only GFRas radiator gas to identify high momentum
particles.

For both RICH1 and RICH2 the Cherenkov light emitted by theiglas is focused by a sys-
tem of mirrors on two planes equipped with Pixel Hybrid PimoRetector (HPD), placed out of
the LHCb acceptance. The anode of this photomultiplierssgi@on pixel sensor on which the
electrons (produced by the photocathode) are focused birieléelds.

2.2.5 The calorimeters

LHCb is equipped with an electromagnetic and an hadronicpagcalorimeter (ECAL and
HCAL) [36], for the measurement of the energy and the pasitibthe particles. All the infor-
mation provided by the calorimeters is used by the low lesigher. Both the calorimeters are
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Outer section :
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Figure 2.10: Lateral segmentation of the SPD/PS and ECAEk.diimension of the cells are given
for the ECAL (reduced by.5% for the SPD and PS). A quarter of the detector is shown.
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Outer section :

262.6 mm cells

608 channels

Figure 2.11: Lateral segmentation of the HCAL. A quarterhaf detector is shown.

segmented and their granularity is finer going toward therimagion: a sketch of the segmenta-
tion is given in Figs[ 2,70 arild 2.1.1.
The electromagnetic calorimeter is constituted kyram thick plane of scintillators interspersed
with 2 mm thick lead planes, coverir#ty radiation lengths. The resolution provided on the mea-
surement of the energy of photons and electrons is

o(E)  10%

E  VE

& 1.5% (2.1)

whereF is given in GeV.
The hadronic calorimeter is formed by scintillator planksraated with iron planes, respectively
4 mm and 16 mm thick, for a total of 5.6 interaction lengthse €hergy resolution is

o(E)  80%
E ~VE

@ 10% (2.2)

with F in GeV.
The calorimeter system is equipped also with a PreshowergR$a Scintillators Pad Detector
(SPD), which are two scintillator layers 15 mm thick, sepedeby a lead plane 12 mm thick and
divided in square shaped pads, read out by optical fibersir Tien purpose is to generate the
electromagnetic showers before the calorimeter for a begparation of the electrons from the
other particles.
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\ | M1 | M2 \ M3 | M4 | M5 |
z(mm) 12100 15270 16470 17670 | 18870
Surface (M) 0.6 0.9 1.0 1.2 1.4
R1 | Dim. pads(cn?) | 1 x 25| 0.5x25 0.5x 2.5 2x25|2x%x25
Readout anode | anode-cathode anode-cathode cathode| cathode
Surface (M) 2.3 3.6 4.2 4.8 5.5
R2 | Dim. pads (cn?) | 2x5 1x5 1x5 4x5 | 4x5
Readout anode | anode-cathode anode-cathode cathode| cathode
Surface (M) 9.2 14.4 16.8 19.3 221
R3 | Dim. pads (cm?) | 4 x 10 2x 10 2x 10 8x10 | 8x10
Readout cathode cathode cathode cathode| cathode
Surface (M) 36.9 57.7 67.2 77.4 88.3
R4 | Dim. pads (cn?) | 8 x 20 4 x 20 4 x 20 16 x 20| 16 x 20
Readout anode anode anode anode | anode

Table 2.1: The table shows the distance of each station fharinteraction point, the R1-R4
surface and the logical pad dimensions. The latter are gimjeon the M1 station: to obtain the
real dimensions they need to be multipliedaay, /z;;, . The readout method (anode or cathode) is
also described for the different regions.

2.2.6 The Muon detector

The purpose of the muon detector [37] is to provide a fasttifleation of the muons and a
measurement of their momentum to the low level trigger. kagstituted by five stations M1
to M5, located along the beam axis. Its angular acceptanc&386 mrad and258 mrad in the
bending and non-bending plane respectively.

The first station is located in front of the calorimeters iderto improve the resolution on the
transverse momentum measurement provided to the low leygét. The remaining four stations
are placed after the calorimeters and interspersed withdabsorbers0 cm thick. The detector
geometry is completely projective so the dimensions of tadons scale proportionally to the
distance from the interaction point.

Each station is divided in four regions numbered from R1 togRihg from the beam pipe to
the external zone. Their linear dimensions scale with prtigno 1:2:4:8, in such a way that the
expected patrticle flux is almost the same in the four regidfach region is in turn divided in
four quadrants, going from Q1 to Q4 counterclockwise from upper left corner looking in the
positive z direction.

All the stations are equipped with Multi Wire Proportionah&@nbers (MWPCs), except for the
inner region of M1, which is exposed to high fluxes of parscierhere Gas Electron Multipliers
detectors (GEM) [38] are used.

Allthe chambers are segmented iptysical pads, which are connected to one readout electronics
channel. In the MWPCs the readout can be done either on thdearoon the cathode, so the
physical pads can be constituted by a cathode pad or by a gfampde wires. Instead in the GEM
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Figure 2.12: Layout of a quadrant of M2 station: the segntiemtan regions, logical pads and
channels is shown.

chambers the readout can be done only on the anode. TheefidntFE) electronic channel is
based on an integrated circuit, tested to be radiationtaesjsvhich is constituted by an amplifier-
shaper-discriminator chain, so that the output is a binignyas. A certain number of FE cards are
then logically ORed, depending on the station and regioh®fietector.

Thus each station is divided logical pads, obtained from the combinations of physical pads, with
different dimensions depending on the region of the muoealet and on the required muons
transverse momentum resolution provided to the first trigmeel. A summary of the logical pad
dimensions for each region and station is shown in [Tab. &.$oine regions the logical pads are
also obtained offline by crossing horizontal and verticepst namedogical channels, formed
from FE channels in logical OR. This allows a reduction of thannels to be handled by the
off-chamber electronics. The layout of a quadrant of M2iatais shown in Figl 2.216, with the
segmentation in logical channels and pads.
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2.2.7 The trigger system

At the project LHC luminosity the rate gip interactions ist0 MHz, out of which only10 MHz
contain visible interaction The production rate of thig pairs is roughly 100 kHz, but only 15%
is within the detector acceptance. Moreover the intergstetay rates for the CP violation studies
are within10~2 and10~°. For all this reasons the trigger system must be able totsedg the
interesting channels, rejecting the background in the effistent way. The LHCDb trigger system
[39] has two different steps.

At the first level, named Level 0 (LO), the event rate is redutem 40 MHz to 1 MHz. At this
rate it is possible to store in the memory all the informatoming from the LHCb subdetectors.
This is performed selecting only events containing highdvarse momentum particles (hadrons,
leptons or photons), which are a tag ob-hadron decay. The LO trigger uses the information
collected from four different subsystems:

e PILE UP VETO: it rejects the events with more than gneinteraction, as described in

section[[Z.2.11);

e calorimeters: the high energy hadrons, leptons and phatenglentified by looking at the
isolated showers in the ECAL and HCAL and measuring theirsivarse energy 1. The
information coming from the SPD are used to validate theaieteshowers;

e muon detector: the LO muon trigger looks for high transvarsementum muon tracks.
Hits are searched, on the five muon stations, along a straighpointing to the interaction
region. Finally using the hits in the first two stations, MOdn2, the transverse momentum
is measured;

e Level 0 Decision Unit (LODU): it collects all the informatidrom the other subsystems and
computes one decision per crossing.

The latency of the LO trigger is below s, including the flight time of the particles, the cables
length, the response of the electronics and the time needad#t¢ the decision. Moreover all the
LO components are synchronous and allow the LODU to deliwdgasion every5 ns, the time
between two consecutive crossings of beams.

The second step of the trigger system, or High Level Trighiei{, is able to reduce the rate from
1 MHz, out of the LO trigger, to 2 kHz, the rate at which dataaréten on disk. The HLT has
access to all the information provided by all the subdetsdbat it aims at rejecting the bulk of the
events using only few of them, given the high input raté dHz and the limited CPU resources
available. It consists of two different steps, the HLT1 and Bl

LAn interaction is visible when it produces at least two cedrgarticles detected by the VELO or the tracking
system to allow their reconstruction

2Er is defined as the projection on thg plane of a vector pointing from the interaction region to &mergy
deposition on the calorimeters, whose module is the energgsition itself.
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The HLT1 applies different sequences of algorithms, dejpgnoh the type of candidate which has
passed the LO trigger. It basically confirms the LO decisaiding the information coming from
VELO and the tracking system and applying cuts on the traseveromentum and the impact
parameter. Eventually it searches for additional padiciner than the LO candidate to improve
identification of theB decays.

The HLT2 is applied on all the events passing the HLT1, inddpatly from the algorithm that
has been passed. A full pattern recognition is performednib dil the particles in the events,
using the VELO tracks segments as seeds, and differentfssdteations (inclusive or exclusive)
are applied.

The full set of selection algorithms and cuts applied by tived trigger steps is defined by a
Trigger Configuration Key (TCK).

2.2.8 The LHCb software

All the software applications used in LHCb are included ineaeral framework named GAUDI
and written in C++. Each one of the applications is built tonage a particular step in the data
analysis: the Monte Carlo generation, the description efdatector, the reconstruction of the
events and finally the analysis of the processed data. The apalications are:

GAUSS [4Q] is the application which manages the generation anditinelation in LHCb. In
particular it generates the interaction, using PYTHIA41] and EvtGeh [42] (for the
mesons decays) as interface, and it simulates with GEANB# tle trajectories of the
particles inside the detectors, considering the intasacivith the materials, the geometry
and in general all the physical processes.

BOOLE [44] manages the last part of the simulation, generatingeglponse of the detector to
the hits coming out from GEANTA4. At this step all the instrurted effects and the read out
electronics are included, as the spillover, the ineffidiescthe cross talk and the electronic
noise. The digitalized signal are then produced by BOOLMaukiting the real response of
the instruments.

BRUNEL [45] is built to process real and simulated (coming from B@)ldata. This is the
reconstruction application: using the information comfiregm all the subdetectors it recon-
structs the tracks of the particle in each event. In this wagfines a sort of proto-particle,
which are not identified but contain all the kinematic infations.

DAVINCI [46] is the analysis application. At this step the full deéayeconstructed applying
a set of selection algorithms to identify the proto-paetichconstructed by BRUNEL. The
identified particles in each event are then combined andghefselection cuts is applied
to finally get the decay channel of interest.
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Figure 2.13: Integrated luminosity as a function of timetfue 2010 operation.

ROOT [47] is the graphical environment to manage the histogramasgraphics, fit procedures
and the final selection cuts, to present the results.

2.3 Running condition in 2010 data taking

The integrated luminosity recorded by the LHCb experimamntrg the 2010 data taking, from
March to October was- 38 pb~! with an efficiency of~ 90%, as shown in Fig.[2.13. An
instantaneous luminosity af7 x 1032 cm~2s~!, 80% of the nominal value, was reached but with
344 colliding bunches and with almod¥/3 of the designsx value. This leads to an increasing
value of the average numbgrof visible pp interactions per bunch crossings. The design value is
1 ~ 0.4: this choice allows to simplify the event reconstructiord &m reduce the radiation level
(see sectioh 211). During the 20L0reache.5, as shown in Figl_2.14. Direct consequences of
the increase of: are a larger number of vertices and tracks to be reconsthuathigher readout
rate per bunch crossing, a larger event size and a longeegsimg time but with the gain of a
higher luminosity that was a great advantage especiallipénstudy of very rare decays such as
By, — p . To avoid this pile-up problems, for the present analysidy the fraction of events
recorded with lowerns value have been used. With the current conditions of cotlignergy
and instantaneous luminosity an order16f! bb pairs has been collected info~! integrated
luminosity, collected by the experiment at the end of thel2@dta taking.
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Chapter 3

Muon identification and tracking

The reconstruction and identification of the muon tracks csuzial aspect of the present anal-
ysis. To determine the trajectories of the particles the imitvarious subdetectors (the VELO,
the tracking system, the muon detector) need to be colleamtedcombined. The average track
multiplicity (number of tracks per event) in 2010 was up teesal dozens and the challenge of
the reconstruction procedure is to estimate their corra@rmeters with good accuracy. Once the
track has been reconstructed it needs to be identified as a,rhyaapplying a list of selection
criteria on the information provided by the muon detectarthie following sections the tracking
strategies in LHCb will be presented and the muon identificawill be described.

3.1 Tracking strategies in LHCDb

The track parameters are estimated by a fit procedure, tgeith the corresponding covariances.
The parameters are then used to match the tracks with thielpddentification informations,
provided by the RICH rings, the calorimeter clusters andrthuon hits. Moreover the offline
reconstruction uses the parameter values to reconstrupritnary and secondary vertices and the
invariant mass of the particle combinations.

Atrack is basically a collection of straight segments, tartdo the particle trajectory: other shapes
can be chosen for the track segments, such as helix or pardduisince most of the hits in LHCb
are found in the low magnetic field region, the straight Ima good approximation. The tracks are
parametrized as a function of theeoordinate and their segments are defined by the positiomg alo
the z axis and the tangent direction. Also the curvature intredulby the magnetic field has to
be taken into account, for the large extrapolation betwésn the curvature provides information
about the particle momentum, which can be added to the atielt parameters.
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3.2 Pattern recognition

The first step of the track reconstruction is to find all theksain the events. This is achieved by
the pattern recognition algorithms, whose main purpose &ssign to each track the correct hits.
According to their trajectories the LHCb tracks are claedifin different types, schematically
shown in Fig[3.1L.

VELO tracks. They are only reconstructed in the VELO detector. Thus tkay to have a large
polar angle, with respect to the beam line, and for this nedlsey allow to reconstruct the
primary vertices with high accuracy.

T tracks. They are only reconstructed in the T1, T2 and T3 stations etitiicking system and
they are used for the RICH2 reconstruction.

Upstream tracks. They only traverse the VELO and the TT stations, since theybant out of
the detector acceptance by the magnetic field before reathinfollowing stations of the
tracking system.

Downstream tracks. They have hits only in the tracking system (TT and T1, T2, TiR)tbey are
not reconstructed in the VELO. Thus they can be used to récmbshe particles decaying
outside the VELO acceptance.

Long tracks. They are reconstructed in the whole detector, from the VEL@he tracking sys-
tem. They have an accurate momentum resolution and for ¢ason they are the most
useful in the physics analysis.

Upstream track

T track

. ]
W% — Long track —— —

Velo |

Velo track
TT
Downstream track

T1 T2 T3

|

]
[———

Figure 3.1: Sketch of the tracks types in LHCb detector.

Several algorithms are used in the pattern recognitiorl) eae dedicated to reconstruct one of
the track types previously listed. First of all three-dirsi@nal points are created from thend¢
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Figure 3.2: Efficiency of long track reconstruction in the mfi® Carlo and 2010 data sample as a
function of tracky (left) andp (right).

VELO clusters and are used to reconstruct VELO tracks, pmjrtb the interaction point. These
VELO segments constitute the seeds for the other track findigorithms which, starting from
them, look for a continuation in the TT and T1, T2, T3 stations

In particular for the long tracks, given a VELO seed, trackessearched in the tracking stations.
This is done by parametrizing the expected position in T19ME3 as function of the VELO seed
track parameters and the position of a single hit on the Tosi®t Further hits in the tracking
stations in a window around the expected position are thekediup. Some quality cuts are
applied to the combination of the VELO seeds and the trackiation hits: tracks satisfying these
criteria are promoted to long tracks. Hits in TT are pickedfujpey are close enough to a track
through VELO and T station hits.

An alternative method starts from track segments recortsiiuin the VELO and in the tracking
stations, using both as seeds and trying to match them. Betlsdeds are extrapolated to the
bending plane of the magnetic field and several quantitiesegaluated (position in the bending
plane, slope change, number of compatible hits in TT) torddte if the two segments belong
one to each other. The TT hits closer to the tracks are addexdvafds.

For what concerns the downstream tracks the starting pbititeopattern recognition algorithm
is constituted by the track segments in the tracking statiddsing them as seeds, TT hits are
looked for and added to the track. The efficiency of the tradonstruction can be determined
on a Monte Carlo sample asking for the Monte Carlo truth. Tssrcheck the results with the
data, thetag and probe method is used: both theg andprobe tracks are muon tracks forming a
J/ candidate. For long tracks tiag track is a long track identified as a muon, while titebe
track is a muon track (a track segment reconstructed in tranrdatector) with hits in the Trigger
Tracker. The efficiency of long track finding is shown in F[g2 &s a function of the track
andp. The discrepancy of the two results is taken as a systematiertainty due to the tracking
efficiency, as described and calculated in sedfion 6.7.1.
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3.3 Primary vertex reconstruction

The offline reconstruction of the primary vertices (PV) isfpamed in two main steps [48]. In
the first one the PV seeds are searched, providing twordinates of the PV candidates. In the
second step the primary vertex is reconstructed, with aatite fit using the tracks extrapolated
to the =z coordinates of the seeds.

The first estimate of the PV candidates, performed with tlkeelisg procedure, is provided by the
clusterization. The initial cluster is determined by thesest approach of the tracks with respect
to the z axis and is determined by itscoordinate and its uncertainty. Among the list of all the
pairs of clusters a single pair is considered and their migtalong the axis is computed: if this
distances is below a certain value the two clusters are mewydist of quality requirements are
applied to the list of clusters.

For each PV seed a fitting procedure is applied using the Lgmgirlam and Velo tracks: the
selection of the tracks is based on theosition of their closest approach to theaxis. The
position of the primary vertex is determined with the leagtase method, minimizing thg%v:

Niracks d2
0;

Xpv= Y. - (3.1)
=1 “do,

beingdy, the impact parameter of the track ang]. the corresponding uncertainty. The position of
the PV candidate is determined iteratively. At each iterai new position of the primary vertex
is determined. The tracks are extrapolated to the posifitmeacnew PV and the impact parameters
are recalculated. The tracks with highest impact paranae¢éaremoved from the set of tracks used
for the fit of the primary vertex. When no more tracks can beatided the iterative procedure
stops. Finally some quality cuts are applied, based on tHeplizity of the PV candidates, i.e.
the number of reconstructed tracks coming from the vertexcalculate the next candidate the
procedure starts from a new seed removing those tracks velieady belong to any previous
primary vertex.

3.4 Muon identification technique

The muon identification is one of the main aspects of the aistliscussed in this thesis which is
based on the reconstruction of the decays ofthe resonance into a muon pair. The identification
procedure([49] is applied to long or downstream tracks ddfinghe previous section adding the
information provided by the LHCb muon detector. A muon ciogthe muon detector fires the

pads of the muon chambers, leaving an hit. Taking advanthtie anformation about these hits

provided by the muon detector the procedure is carried onthyea-steps algorithm.

1. The candidate track is linearly extrapolated to the mueteator and on each station a
“Field of Interest” (Fol) is opened around the extrapolgiedition. The dimensions of the
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Fol depend on the track momentum and on the muon station thvithis extrapolated.

2. Hits are looked for in the Fol. A boolean parameter, IsMusrswitched to true by the
identification algorithm if at least one hit is found in theemyed Fol on a certain number
of stations, depending on the track momentum, according@bd3.1. The requirements of
the IsMuon decision assume a high muon detector efficiemiy:hias been measured with
the first data acquired by the experiment and it has been fasrsétisfactory as expected,
above99% [50,51].

3. To enhance the rejection of fake candidates, an hypasttestiis performed on the tracks sat-
isfying the IsMuon decision, by calculating the probakibf being a muon. The hypothesis
test is based on the distribution of the squared distancedeet the extrapolated position
(Zerack s Yrack i) Of the track and the closest hit associated y;) in the Fol, normalized to
the granularity of the detector:

5 2 2
1 L5 — Ttracki Yi — Ytracki
D= E — _ = - 3.2
P N {( pad, > * < pad, ) } (3.2)

where the sum runs over all the five muon stations.

The distribution of theD quantity depends on the multiple scattering and therefaréhe mo-
mentum or transverse momentum of the muon candidates. Roreéison the hypothesis test
is performed binning the distributions in momentum bins andording to the muon detector re-
gions. Using theD distribution thep,, andp;,,,—,, probability of being a muon or not being a muon
respectively, is built. The logarithm of the ratio of thes@tquantitiesD LL = log(p,/Pron—p)

is giving the final discriminant variable of the method.

Generally the efficiency of this procedure can depend orrakki@ematic variables, like the muon
momentum or transverse momentum and the impact point on tioa hetector. The efficiency is
defined as the ratio of the number of muon reconstructed sraelntified as muons and the total
number of muon reconstructed tracks:

p(track&muonlD = TRUB
utrack

EmuonID = (3.3)

It can be evaluated in data with thieg and probe method on a control sample of/y) —
= which provides a pure source of muon tracks. Intdmeand probe method the first muon
Itag 1S required to satisfy the muon identification criteria, letthe second oneuf,,...) is selected
without using any information provided by the muon detecldre probe is then used to estimate
the efficiency of the identification requirements. The atedi efficiency in data and Monte Carlo
is shown in Fig[3.3.

The muon identification efficiency reached with this meth®dip t097% with a corresponding
misidentification (probability of wrongly identify a pacte as a muon) 02%. This value is av-
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eraged over all the values of the track momenta: al3o@V /c the performance is even better,
higher tharo7%.

Track momentum range Muon stations
3GeVle < p < 6GeVie M2+M3

6 GeVile < p < 10 GeVie | M2+M3+(M4.or.M5)
p > 10 GeVlie M2+M3+M4+M5

Table 3.1: Muon stations required to have an hit in the Foldémtify a muon candidate, as a
function of momentum range.
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Figure 3.3: Muon identification efficiency as a function of anumomentum, evaluated in data
and Monte Carlo sample.

42



Chapter 4

Selection ofJ /4 candidates

This chapter will go through the identification of the muomdigates and their combination to
reconstruct the//¢» — p+u~ decay. The trigger and the offline selection of the eventsHer
polarization and the cross section measurement will alsprésented. Finally the procedure to
extract the signal and to disentangle the promfat from the.J/¢) coming fromb decays will be
described.

The cross section and polarization are performed in bing/gf transverse momentumy, and
rapidity y, defined as:

_}lnEerz
Y= E .

being E andp, the J /1) energy and momentum component along the beam axis resggciine
distributions of these quantities are shown in 4.1. him limit where a particle has a mass
close to zero, or if it is travelling with a velocity close ¢pthe rapidity is a good approximation

of the pseudorapidity, defined as:
0
n=—In [tan <§>} (4.2)

beingf the angle of the particle with respect to the beam axis.

(4.1)

4.1 The trigger

The signal events are selected for both the cross sectiop@adzation measurement, by the
trigger requiring they pass all the three trigger steps LOTHand HLT2, described in section
2.2.13.

For this kind of analysis two different requirements, thecalbedtrigger lines, are applied at the

LO trigger. The first is the single muon line, which asks foeanuon candidate withy larger
than1.4 GeV/c. The second is the di-muon line which requires two muon aatds, having
larger tharD.56 GeV/c and0.48 GeV/e, respectively. To be selected an event must be accepted by
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Figure 4.1: Distributions of transverse momentum and igpaf selected//« candidates (data).

at least one of the two trigger lines, i. e. the LO requirentamisists in the OR of the single muon
and di-muon line. The events selected by these LO requirenpeavide the input to the second
step, the HLT1 lines. Two different HLT1 sets of requirensemave been used for the polarization
and cross section analysis.

e For the cross section measurement two HLT1 lines have beesenh The first one asks
a confirmation of the single muon candidate, selected at heahd applies a harder cut
on the transverse momentum, requiring it to be higher th&nGeV/c. The second line
confirms the di-muon candidates which passed the corresmph@ line and adds a cut on
the invariant mass, asking it to be greater thanGeV/c?. As at the LO step the single muon
and di-muon line are in logical OR, so that an event must btecsed by at least one of the
two to be accepted by the HLT1 trigger.

e In the full 2010 data sample (used in the polarization meamsent), selected by the HLT1
di-muon line, it has been found a discrepancy between datdamte Carlo efficiency, in
the overlap region between the two half sides of the InneiGurtér Tracker. For this reason
the di-muon line has been discarded in the polarizationyaiglasking only for the single
muon line at the HLT1.

The requirement of the di-muon line on the invariant masghéned by the HLT2 line, which
asks for two muons candidates with invariant mass higher 2ttaGeV/c. In Tab[4.1 the trigger
lines and the main corresponding cuts, relevant for thid kinanalysis, are summarized.

4.2 J/4 selection

To better select the signal from the background, a list of muapplied offline to the events selected
by the trigger. An event is kept if it contains at least oneorstructed primary vertex (PV): the
reconstruction of the primary vertices is described iniesadB.3. If it contains more than one
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| Trigger lines Cuts \
LOSingleMuon pr >1.4 GeVE
LODiMuon pr1 > 0.56 GeVie, pro > 0.48 GeVie

HIt1DiMuon LODiMuon andM,,, > 2.5 GeVic

‘ HIt1SingleMuon ‘ LOSingleMuon ancr > 1.8 GeVie ‘
| HIt2DiMuon \ M,,, > 2.9 GeVic \

Table 4.1: Summary of the trigger lines used for this analysith the correspondent cuts which
are relevant for the analysis.

primary vertex the closest to th&/«) decay vertex, along theaxis, is kept. The first step of the
analysis is the reconstruction and selection of f¢ — p* .~ decay. Referring to the invariant
mass distribution (shown for example in Hig.14.5, it is pbkesto define a@ignal and twosideband
regions. The signal region includes the events whose masthis M/, 30 whereM ;. is the

J /¢ mass and is the measured width of the mass peak. The sideband registesid, include the
events whose mass is within the ranggs;, — 7o, M ;/,, — 40] and[M ;,,, + 40, M 5,y + To].

As it will be more clear in the following, the sideband regioare essentially populated only
by background events and they can be used to estimate backboontributions to the various
physical observables used in the analysis.

The mass distribution is obtained by first computing the riiavd mass of two muon tracks of
opposite charge, reconstructed in the full LHCb trackingtem and accepted by the LO, HLT1 and
HLT2 trigger levels. The two tracks must be identified as nsu@with positive IsMuon decision)
and have the transverse momentum higher ##@nMeV/c. The track fity?, normalized to the
number of degrees of freedom, must be less than Fig.[4.2 theJ/+» candidatex? distribution

is compared with the background. The comparison is made tvitlsPlot technique described
in Appendix[C. In this framework, the background is estirdafi®m the sideband distribution
and then statistically subtracted to the signal. The thistidn is built using the events passing
all the cuts in the selection. Th&/+) candidate is formed requiring the two tracks to originate
from a common vertex. In order to calculate the position ef decay vertex a fit is performed
on the tracks originating from a common point. Tyreprobability associated to this fit is shown
in Fig.[4.3 and must be higher than5%. The two signal and background distribution shown
in Fig.[4.3 are again obtained with the sPlot technique. Tisilbution is built using the events
passing all the cuts in the selection, except the one on titexve?. The reconstruction algorithm
assigns to the tracks a likelihood of being a certain paticl e. a muon, a pion, a kaon, etc.
In section 3.4 the definition of the probability of being a mysg, is given. For this particular
analysis the likelihood discriminant is built using the lpability of being a muon with respect to
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the pion hypothesis, in the following way:

DLL,; =In {@] . (4.3)
Pr

The distribution of the muon and pion likelihood is shown ig.F4.4 in red and black respectively.

A cut is applied on this variable requiring it to be higherrtmero. It can happen that one single

particle is reconstructed twice by mistake by the recontitn software using overlapping sets

of hits (“clone tracks”). Two clone tracks are identified kirig at the angle between them: if the

cosine of this angle is higher tham999 they are labelled as clones. When twity) candidates

are originated by clone tracks only one of the two candidizt&spt.

The cuts are summarized here (when the cut is on the muorgppiged on both muons):

e Select events with at least one reconstructed primarywerte

IsMuon flag for both muons

pr(p) > 750 MeV /c

x2 (e track) /ndof < 4

MuonPID(p) > 0

clone track cutscos 8 (u;, ug) > 0.9999 andcos 0(u; , py ) > 0.9999

prob(J /v vertexx?) > 0.5%

wtp~ invariant mass> 2900 MeV /c?

4.3 Invariant mass distribution

The number of signal events can be extracted from a fit to eriemt mass distribution, mod-
elling the signal peak with a Crystal Ball function and thelkmround with a negative exponential.
The Crystal Ball function is defined as:

n\" —1lg2
n 2
la] ) € x—M

(i_‘a’_m—M)n (o}

< —|al

( 1<w—M>2> x—M
exp| —= > —|al
\ 2 o o

and consists of a gaussian core with a power law tail: thesigusnd the power law functions
are connected together at a certain thresholdt is commonly used in particle physics to take

fes (x; M 0,a,n) = (4.4)
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Figure 4.2: Data distribution of the? associated to the fit to the muon tracks (both distributizas a
normalized tol). The signal (black circles) and background (triangleshpponents are obtained
with the sPlot technique from the invariant mass distrifouti

into account radiative process. In this case the power ldustparticularly suitable to model the
radiative decays of thd /vy , like J/¢p — utu~y, J/vv — utp~~y etc. The background fit
function is:

fex (M; po, ag) = age "M (4.5)

whereay andpg are free parameters.
Thus the total fit function to the invariant mass distribntis:

Finass(M i M, 0, f3/4,p0,a0) = fyppfe(Mypps M, o) + (1 = fr4) fex(My/y; pos ao)-
(4.6)
wheref;,, is the fraction of signal events over the total.
The invariant mass distribution of the two muons is shownitn [ES, betweer2900 MeV/c? and
3300 MeV/c?, with the signal and background components. The width ofttystal Ball function
extracted from the fity), = 14.8 MeV/c?, is very close to the Monte Carlo expectation,13
MeV/c2. Almost10° J /4 per pb ! are detected and reconstructed in LHCDb.

4.4 Distinction between promptJ/+ and J /v from b

To discriminate between promg{+) and those fronb-hadron decays it is possible to use the fact
that theJ /1) coming fromb decays tend to be produced detached from the primary veftiée o

47



v Sidebands

@® sWeighted

0 0.2 0.4 0.6 0.8 1
J/Y vertex p( x 2/nDoF)

Figure 4.3: Data distribution of thg? probability associated to the primary vertex fit (both dis-
tributions are normalized to). The signal (black circles) and background (triangleshponents
are obtained with the sPlot technique from the invariantswtstribution.

events, contrary to the promgt+) . Therefore, as a discriminant variable, the projectiomglo
the z axis of theJ /¢ pseudo-proper timg, is used, which is defined as:
(219 vertex — 21/ Pv) X M(J/1)

t, = . 4.7)
&

This variable takes advantage of the fact that the lifetih¢he b-hadrons is longer than the
J /1 lifetime.

Referring to FiIgL46: ;/yvertex iS the position along the beam axis of thigy decay vertex and
zj/y pv IS the position along the beam axis of the primary verfe.//v)) andp. are respectively
the mass and the momentum component along the beam axis.ffitheThe pseudo proper time
is a good approximation of the decay proper time of &Headrons. Since the decays studied
in this analysis are inclusive, the proper time of thhadrons is unknown and is replaced by
the pseudo proper time. The distribution of this variablednstered around zero for the prompt
component and it follows an exponential decay for thie) coming from theb-hadron decays.
The decay parameter of the exponential distribution isectoghe lifetime of &-hadron mixture
Th—_nadr = 1.568 £ 0.009 ps [12]. Since the particles detected are in the forwarddrgpiegion,
the main contribution to the, is given by the component along the beam axis. Thus, without
loosing information, the discriminant variable can be et be the only: component. The
distribution of thez component of the pseudo proper time of the data is shown ifdEig
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Figure 4.4: Difference between the muon and non-muon Likelil for background subtracted
samples of protons (blue), muons (red) and pions (black).

The separation between the prompt and the deldy@dcomponent can be achieved also by using
an alternative variable which is the pseudo proper timeifsigimce defined as:
t
s = — (4.8)
Utz
The contributions to the uncertainty, come from the reconstructed quantitigs,, vertex, 2.7/¢ Pv
andp,. For eachJ/« candidate the uncertainty. on thet. is evaluated:

2 2 2
0T 1vertex T O o
o, = J /v verte J/Y PV + Dz (49)

* (2/pvertex — Zrwpv)? D2

The distribution of the pseudo proper time significance @aghin Fig.[4.8

The number of prompt and delaygdy is determined by a simultaneous fit to &~ invariant
mass and to the pseudo proper time distributions.

The pseudo proper time distribution of prompt) is described by &-function and theJ /) from

b are modelled by an exponential decay. Both the functionscanwoluted with the detector
resolution. Moreover a long tail is also present in the daaidution, coming from the events in
which the wrong primary vertex is associated to fi@> . The wrong association is basically due
to two reasons:

e the right primary vertex is not reconstructed by the reqocsion algorithm because the
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Figure 4.5: Distribution of the invariant mass of the two ms@fter the selection cuts. The
two contributions, signal and background, are fitted by as@iyBall function and a negative
exponential respectively and are showed separately.

number of tracks originating from it is not enough to perfdhma fit;

e several primary vertices close to each other are reconsttus the event but the wrong one
is chosen because of the finite resolution of the primaryexareasurement. Thus for the
prompt.J /v this category of events is distributed en= 0 ps and is automatically taken
into account by the resolution of the detector.

The long tail is mainly due to the first category of events aadaise of its shape, it will affect
the determination of the number df¢) from b. To model the tail the following procedure has
been followed. The wrong association between the primadtiag.//+) decay vertex is simulated
taking the primary vertex from the event subsequent the akentinto account. Beings&™ the
position along the beam direction of the primary vertex i shilbsequent event, th&*! variable

is defined as: ot

t?e;pt _ (ZJ/wvortox —2py) X M(J /)
Pz

In Fig.[4.9 thet?¢*! is shown superimposed to the distribution. Thet, distribution is built
subtracting the background events from the total distidioitin order to select only signal events,
with the sPlot technique (see Appendixl C). From the figure it can be seenthieaagreement
between the tail and th&<*! distribution is satisfactory.

. (4.10)
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Figure 4.6: Scheme of /1) decay, showing all the quantities involved in the definitidmpseudo
proper time.
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Figure 4.7:t, distribution for the selected/« candidates (data). The exponential tail due to the
J /v from b-hadron decay can be identified clearly in the right side efdistribution.

51



(CJ LARRSRARRN RARLN RARLE LARLN LARES LLLLE LALLE RERRS LARES UL LN LS LR IR RN LN LR IR R
gt — | g —
%) L u ~ o
2 105k - 2 i
S 10°¢ _ E
o f - ] 3 10°F E
°10°F 1 ©

10° i ] w5 T 3

2 E |" ., : 2 [ H"'“

10°F 4 L™ 3 10°F Iy i E
AL ' E EH”H ;
1o ™ ! |'H"IHiii'II% 10 H J
P P P P T RTE PR PR P PP E...I...I...I...I...I...I...I...I...I...E
-400 -200 0 200 400 600 -10-8 6 4 -2 0 2 4 6 8 10
JIP tzs JIP tzs

Figure 4.8: Distributions of ., significance of the selectefl/1) candidates, in the full range and
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Figure 4.9:t, distribution of background subtracteffv> selected candidates in data (full dots)
superimposed to the tail estimated with the “next” evergtfigram), as described in the text.
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The pseudo proper time distribution of signal events is hedavith the function:

e_tz/Tb

fsignal(tz; fp7 fb>Tb) = fpé(tz) + fp

5 + (L= fo — fp) frair(t2) (4.11)
where f;, and f,, are respectively the fraction of/y) candidates coming frorb-hadrons decays
and prompt for which the primary vertex has been correcttpmstructed, over the total number
of signal events., is theb-hadron pseudo-lifetime anf},;; is the probability density function
describing the tail, built from the*** histogram. The fraction of /¢ from b is then given by:

I, = Jo (4.12)

fb+fp

Thed and exponential part of thg;,,.; function are then convoluted with the detector resolution
function, given by the sum of two gaussian distributions:

B (tz—w)? 1— ,8 (tz—w)?
ty;p,01,09,8) = e 1 4+ e 72 4.13
fres( z ,u’ 1 2 ﬁ) \/%0'1 \/%0'2 ( )

wherey is the mean value of the resolution function, common to the gaussians, and is the
fraction of the gaussian with the largest width, The oy value got from the fit is close to the
Monte Carlo expectation, which is 60 fs.

Two main sources contribute to the background of the pseunloep time distribution. The first
one comes from the random combination of reconstructed mpooduced in the semileptonic
decays of thé andc-hadrons. The second is given by the misreconstructedsremiing from
the decays in flight of the pions and kaons. These eventsstribdied in a wide range of invariant
mass around thé /¢ mass peak. Therefore the background distribution is buth the events
contained in the so called sideband regions of the invarraads distribution, defined in this case
as[2900; 3050] MeV/c? and[3150; 3300] MeV/c2. For these events the background is modelled
with an empirical function, built with the sum of &function, three positive and two negative
exponentials. The sum of the three contributions are catedlwith the same resolution function
as the signal. Thus the total function is:

e_tz/Tl e_tz/7_2
Jokg(tz) = |(1 = f1 — fo— f3) - 6(t2) + 6(t.) | f - + fa - + (4.14)
e_tz/TB e—\tZI/T4 B/ (tz—w)> 1 — B/ (tz—w)?
9 _tz + ® 2(‘;1z _|_ 2(‘;z
( ) <f3 73 ) fa T4 \/%01 ¢ \/%02 ¢ ’

The choice of this particular function is mainly empiricegsed on the experimental distribution
of ¢, from sideband events. It is however partially justified daling the arguments explained
by the CDF study in the measurement of tha) cross section [52]. The positive exponentials
correspond to the random combinations of muons coming fitwed tand ¢ decays while the
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misreconstructed tracks coming from the decays in flightiohg and kaons contribute to both
positive and negative exponentials. The parameter,gft.) are extracted from the fit to the
sideband distributions and are fixed in the final fit. The itestithe fit is shown in Figl_4.10: a
very good agreement between the data and the fit is obtained.
The function used for the fit to the pseudo proper time is foese

e_tz/Tb

F @z Frrws for fos Tos 11, 01,02, 8) = fr/4 [(fp5(tz) + fo - ) ® frest (4.15)
(1= fp— 1) - frait] + (1 = f70) fokg (4.16)

and the product of (¢.; f.7/y fps fb, 7o, 11, 01, 02, ) With the invariant mass probability density
function is used for the final global fit:

F(tZ7MJ/1/);fJ/d)afp7fb7Tb7M701702a/87M707 fJ/wap07a0) = (417)
F(tz;fJ/@D»fpvfb»Tbv/L?leo-Qaﬁ) X FmaSS(MJ/d);M?O-? fJ/va(]?aO)' (418)

The free parameters are listed explicitly in parenthesibéth the mass and the functions. In
Fig.[4.11 the, distribution of data is plotted, superimposed with the ltesiithe fit. The different
components contributing to the signal, the background heddil are shown separately.
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Figure 4.10:t, background distribution in data. The histogram is supeoisad with the fit func-
tion used to model the background, defined in Bq. (4.14).
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line). The different components contributing to the fit ftion are explicitly shown in the figure.

56



Chapter 5

J /1) polarization measurement

The three polarization states offa= 1 quarkonium can be specified in terms of a given coordinate
system in the rest frame of the quarkonium itself. This cvatg system is often called the
“spin-quantization frame”. In a hadron collider, thi¢«) are actually reconstructed through their
electromagnetic decays into a lepton pair. In this casejrtfoemation about the polarization
of the quarkonium state is encoded in the angular distobutif the two leptons which is usually
described in the quarkonium rest frame with respect to agodat spin-quantization frame. In that
case, the angular distribution of the quarkonium can beesgad in terms of three real parameters
that are related to the spin-polarization amplitudes oftke 1 quarkonium state.

Several polarization frames definitions can be used amorncivthe most widely used are listed
below.

Helicity frame: referring to Fig[ 5.l the polar axig; x coincides with the flight direction of the
quarkoniumQQ in the center of mass of the colliding hadrdnsandhs.

Collins-Soper: referring to Fig[5.R the polar axig s is the direction of the relative velocity
of the colliding partons, as seen in the quarkonium rest éraifhe approximation is sat-
isfactory if it is possible to neglect the smearing effectltd intrinsic parton momentum
[54].

Gottfried-Jackson: as sketched in Fig. 8.2, the polar axis; is chosen to be the direction of the
beam momentum in the quarkonium rest frame [53].

It is possible to define the polar and azimuthal angle, ras@be 0 and ¢, between the positive
lepton and the chosen polar axis, with respect to the “pridmluplane”, which contains the mo-
menta of the colliding hadrons in the quarkonium rest frameparticular for the helicity frame
the # and ¢ angles will be the polar and azimuthal angle of the momenttithe positive lep-

ton (measured in thd /¢ rest frame) with respect to thé/v flight direction (measured in the
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Figure 5.1: Definition of the Helicity frame. The polarizati axiszy x is the quarkoniumQQ
flight direction in the centre of mass of the two colliding haush; andhs.

ZHX

QQ rest frame

Figure 5.2: Comparison between the three polarization axis, z¢s; and z¢g, respectively in
the helicity, the Gottfried-Jackson and the Collins-Sdipames, as seen in the quarkonidpd)
rest frame. The two beam axis andhs are also shown.
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laboratory frame). The angular decay distribution is ugudéfined as:

3

P(COSH,(ZS; )\) = (m

) (1 + Agcos? 0 + Ao sin 260 cos ¢ 4 Ay sin? 6 cos 2(13) (5.1)
where)y, \gy and )\ are the three parameters which characterize the polanzafihe distribu-
tion in eq. [5.1) is normalized tb. The values of\y, Agpy and ), , and thus the polarization, vary
depending on the polarization frame. This happens bechedeames differ one from each other
according to the analysed phase space of the quarkoniumbé&dtehoice is a polarization frame
which maximize the\y parameter, or in which the polarization naturally arisess possible to
define a quantity, a combination of these parameters, whiatvariant with respect to the frame
[55,/56]: Nt
0

\ = 1—7A¢¢ (5.2)
It is important to notice that ih, = 0 the A invariant gives exactly the, value. The value of
this invariant parameter gives the real amount of polaomafi. e. not artificially caused by the
frame). Using this quantity it is possible to cross checkttemsurements obtained in the different
frames.
Integrating over one of the two variables the single vadgabstributions are obtained.

AN o 1+ Agcos? 6 (5.3)
dcos
dN 2X4
— =1 2 5.4
. +3+/\BCOS( ?) (5.4)

from which it is possible to extract two of the three polatiza parameters.
For the present analysis the helicity frame has been chosen.
The angular analysis is performed in two different way.

e Full angular analysis: the bidimensional distribution ieos 6§ and¢ is fitted with the func-
tion defined in eq.[(5]1), in order to get all the three paramsety, Ay and ), . The fitis
performed with an unbinned maximum likelihood approacts@@minant Log Likelihood,
or DLL, method), described later on. A binned maximum likebd fit has also been used
to cross check the results.

e Analysis of single angular variables the two single variable distributions itbs 6 and
¢, of egs. [(5.B) and_(5l4), are fitted to extragtand \,. To get the third paramete¥,,
another distribution is needed. For this purpose a new angakiable can be defined as
combination ofcos 8§ and¢. Following this approach the acceptance and detectoresffiyi
function, which appears in the angular distribution of twe feptons and which depends
in general on botlros # and ¢, has to be integrated. In particular to get the function
defined in eq.[(B]3) is obtained just assuming that the efiigiés flat ing. Any dependence
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introduces a bias in the results, which can be neglectedibily,, A\, < 1. As it will be
shown in the final results this is actually verified for tfigi) polarization in the helicity
frame.

In the following sections the above methods will be desdibedetails and the final results will
be presented and compared.

5.1 Data and Monte Carlo samples

The polarization measurement is based on a data samg# @' integrated luminosity, ac-
quired by the LHCb experiment during the 2010 data taking/at= 7 TeV and with both mag-
net polarities. This corresponds roughly 8% of the full 2010 data sample and is a sub-sample
acquired with similar trigger conditions.

5.2 Monte Carlo simulation

A sample of20 millions Monte Carlo inclusive//+) — p+u~ events have been used to study the
detector performance (in particular the acceptance andffloéency). The Monte Carlo sample
was generated, with the same trigger conditions as the @étathe 2010 version of simulation
software Gauss (mentioned in section 2.2.8). To simulaetbmpt//« production the Leading
Order Color Singlet Model and Color Octet Model processesaativated in PYTHIA, including
also they(25) production with the Color Singlet processes. The prodaadih-hadrons is given
by 2 — 2 processes at leading order, likgj — qq/, qq/ — qq/, q@ — 99, q9 — q9, 99 — qq
andgg — gg. The parton density functions (from CTEQG6) used in the satad cross sections
are obtained from a fit with the leading order hard cross @eaid usingy, at the leading order.
The EvtGen package takes care of the decays of charmonites,stising the branching fractions
shown in Tab 5]1.

For what concerns thé&/«) coming fromb, the production and decays ihadrons are simulated
with PYTHIA and EvtGen respectively. The inclusive bramghiratios and the corresponding
hadronization fraction used in the simulation are showrab[5.2. The PHOTOS package is also
used to include the QED radiative corrections to the decdlgenf /¢ into muon pairs([57].

decay mode |branching fraction

Xco = J/Py 1.28%
Xel = J/Yy 36 %
Xc2 — J/T,Z)’Y 20 %

W(2S) = J/h X 52.7%

Table 5.1: Charmonium branching fractions of decaygt¢ assumed in the simulation.

60



b-hadron  branching fraction in LHCb simulation | hadronization fraction
in LHCb simulation
B |B (EO/BO — T/ X) = (1.59 + 0.04)% 40.5%
B~ |B(B~/Bt = J/y X) = (148 +£0.04)% 40.5%
B B (FS/BQ T/ X) = (1.39 £ 0.00)% 10%
AY B (Ag/Kg .y X) = (0.81 £ 0.03)% 9%

Table 5.2: Branching fractions of inclusivehadron decays td/:) and hadronisation fractions
in the LHCb simulation.

5.3 Signal selection

The signal events are selected applying the trigger selediscribed in sectidn 4.1 and the cuts
listed in sectiom 4]2.

The promptJ/y candidates are selected by requiring the absolute valukeopseudo proper
time significance ., defined in eq.[(4]8), smaller tharto separate prompt/+ from J /1) from
b-hadron decays.

To extract the signal events a fit is performed to thig.~ invariant mass distribution modelling
the signal peak and the background with a Crystal Ball andxporeential function respectively,
as described in sectidn 4.3. The fit is performed separateiybins of p; and5 bins ofy. When
fitting in the differentpr andy bins a dependence of theanda parameters of the Crystal Ball
function fromo is observed. This effect has been studied but this depeadsificund to have no
influence on the results values of thg Ay and )\, parameters, obtained with the three methods.
Instead this dependence is found to be important and it @takoperly into account for the cross
section measurement, as it will be explained in the follgxdhapter. In Fid. 513 the 2-dimensional
angular distribution is shown for the selectéd) candidates for a particulaxr andy bin.

5.4 Detection efficiency
The detection efficiency includes three terms:

e the geometrical acceptance of the deteetpr. Some fiducial cuts have been applied to
remove areas of the detector with known hardware ineffigigasues: in fact these are
present only in the data and they are not described in theédatlo, causing a discrepancy
between the real and simulated sample. The tracks crodssg problematic regions are
then excluded from the analysis in both the data and the Moatt sample;

e the reconstruction and selection efficiengy., given by the probability for a signal event
to be reconstructed and accepted by the selection cuts;
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Figure 5.3: 2-dimensional angular distribution for thees&td.J /1) candidates for a particulaw,

andy bin.
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o the trigger efficiency,is, Which is the efficiency for an event to pass the Level 0, HLT1
and HLT2 trigger.

The efficiency is calculated using the unpolarized Montddsample and the Monte Carlo truth
is used to decide if the reconstructégh) candidate is a real /v . In general the geometrical, re-
construction and trigger efficiencies can depend on thewthimhand polar angles and also on the
kinematic quantities, like thé/« transverse momentum and rapidity. Thus the efficiency @-stu
ied in four kinematic variables: ther andy of the J/¢» and thecos 6§ and¢ of the positive muon
measured in the chosen polarization frame. In principlgesthe efficiency is completely defined
as a function of these four kinematic variables it doesnfiestel on the polarization parameters
Ao, Agp andAy . This is true in the limit of a punctual description of the @ffncy distribution but,
since it is binned i, y and incos # and¢, an integration is performed in each bin. This could
lead to a bad description of the efficiency and, consequentlywrong results of the polarization
parameters.

The efficiency distribution has been built 20 bins of bothcos 8 and¢. A cross check has been
performed to demonstrate that this binning is the best comjse between a good description of
the efficiency and the statistics, which should be enouglaah éin to perform the fit. The cross
check has been done using a toy Monte (Elardnsimulate with different binning an angular dis-
tribution representing the one extracted from the data,aanefficiency distribution. For both the
angular and the efficiency distribution a parabolic shapede®n chosen. The efficiency corrected
angular distribution is found dividing the first one by théi@éncy. The resulting distribution is
fitted with the parabolic function and the fit results obtdifer the different binning choices have
been compared. It has been verified that the results fluctoat®arse binning choices but they
tend to stabilize as the binning becomes more and more firethBamominal20 binning choice
the fit results are completely stable, inside the statisticars of the generated sample.

For what concerns thé/vy pr andy variables six bins in transverse momentum and five bins in
rapidity have been chosen. The edges of the bins are defiribd following way:

pr:[2,3,4,5,7,10,15]GeV /¢

(5.5)
y ¢ [2.0,2.5,3.0,3.5,4.0,4.5]

The polarization is finally measured in the§e< 5 pr andy bins. This allows to reduce the
uncertainty due to the possible differences in the kinerrsgtectra between the data and the Monte
Carlo. The data below 2 Ge¥in transverse momentum are not used for several reasons. The
statistics both in the data and Monte Carlo in this regioneeiatively poor giving very high
statistical uncertainty (depending on the rapidity bimj.atldition, the background in this region

LA toy Monte Carlo is a Monte Carlo simulation where one or alsset of kinematic variables are extracted
randomly from a measured or simulated distribution. Thihtéque is generally used to simulate a large number of
"experiments" in order to study the effect on a certain messment due to the statistical fluctuations of the variables
under study.
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is relatively high.

5.5 Polarization determination with the DLL approach

In this section the procedure used to measure the polanizatith the DLL fit is described in
detail. The first important input to the likelihood functitimat is described in sectiohs 555.1 and
is the detection efficiency which is discussed in thiewidng section.

5.5.1 Likelihood estimator construction

The log likelihood function (estimator) for data in eggh and rapidity bin is defined as:

N,
1 [ P(cos8;, ¢;) X ot (cos 05, ¢;)
InL =1
n nUl [ Norm(Ag, Agg, Ag)
i (5.6)

B JZVS:IH P(cos b;, ¢i) X etot(cos 0;, d;)
- i1 NOI‘m()\g, )\9¢, )\¢)

whereP(cos 0, ¢) represents the angular distribution defined in gl (5.1 Norm (Mg, Mgy, Ag)

is the normalization, which generally depends on the themameters\s, A\g, and \;. In this
definition the sum runs over the signal events whose angusaribdition is parametrised by
P(cos(0), ¢). To take into account the background contribution, theofeihg procedure is ap-
plied. The di-muon invariant mass distribution is fitted,daling the signal peak with a Crystal
Ball function and the background with a first order polyndmi@he n parameter is fixed ta:

this value follows directly from the Quantum Electrodynamdescription of the final state radi-
ation. In fact the probability to radiate a photon for eachomuwcalculated in the QED frame, is
proportional tol /M ,,,. Since the only reason of the mass distribution asymmettyeiphoton
emission, the Crystal Ball function must be continued hyMJ/w tail, fixing n = 1. Instead the

a parameter is fixed to the Monte Carlo expectation.The fit ifopeed in eactpr and rapidity

bin.

A signal region is then defined hy+ 30 wherep ando are the mass and width of thEv peak

as obtained from the fit. Sideband regions are then defindukiimtariant mass distribution by

[ — 7o, 1 —4c] and[u + 4o, u + 7o]. The sidebands are chosen to be far enough from the signal
peak to avoid contamination from the radiative tail.

The log likelihood function can now be extended also to thelsand regions. According to the
measured//¢) mass, each event is weighted in the following way: if the madse falls in the
signal region a weighty’ (Mass) = +1 is assigned to the event, if the mass value lies in the side-
bands the weigh’ (Mass) is equal to—1, otherwise the weight is zero. In this way the likelihood

64



function becomes:

Niot { P(cos 0;, ¢;) X eto1(cos 0y, ;) (5.7)

InL = ; W (Mass;) X In Norm (%, Agg, o)
where now the sum runs over all the events in data, thoughtbalgvents in the signal and in the
sideband regions give a contribution.

Under the hypothesis that the background shape is lineathatdhe angular and invariant mass
distributions of the background events is the same in thebsidds and signal regions it is possible
to assume that the number of background events in the sidelzand in the signal region is the
same within statistical fluctuations.

The first hypothesis has been cross-checked by fitting thiegbaiend with an exponential func-
tion. The resulting slope parameter is so small that thatfimg@proximation is fully justified, as
shown in Tab_5]3. The second hypothesis has been croskechcthe following way. The di-
muon mass distribution is studied arouwd0 MeV/c?, well far away from the signal region. The
signal and sideband regions are redefined ar@40d MeV/c?, by shifting the nominal regions
by 3400 MeV/c? — 11, wherey is the Crystal Ball mean value. Since now the signal and sidetb
regions contain only background events, their angulariligtons can be compared. From this
check it is found that the shifted sideband and signal distiins are very similar except for a few
cosf and ¢ points where the signal distribution is in any case betwierntwo sideband distribu-
tions. This effect can be correct by making the average dfwlenominal sidebands distributions
in order to construct the background distribution in the mahsignal region.

With the assumptions discussed above, the likelihood fomatefined in eq.[(517) is equivalent to
the one in eq.[{5]6) within statistical fluctuation.

In the likelihood estimator the total efficieney,, is determined from MC, but the analytic shape
doesn't have to be known because it only introduces a cant&an which is not relevant during
the maximization of the likelihood function, and can thusrbeoved. Finally the estimator can
be written as:

Neot P(COS 92_’ (bz) Ntot
InL = Z W (Mass;) X In Norm(h, Aggs o) + Z W (Mass;) X In[eor (cos 0;, ¢;)]

i=1 i=1 (58)

Nt [ P(cos b;, ¢;)

= W (Mass;) x 1
Z ( ass) e Norm(Ag,A9¢,A¢)

} + const.
i=1

where the constant term doesn’t depend\gi\g,, and ), and will be cancelled out in the deriva-
tive.
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2<Pr<3] 20<y<25b | 25<y<30 | 30<y<35 | 35<y<40 | 40<y<45b
mean of CB| 3096.01:0.07 | 3094.97-0.04 | 3094.06-0.04 | 3093.25:0.06 | 3091.20:0.12
ocof CB| 11.04:0.07 11.92+0.04 13.60:0.04 15.98+0.05 19.22+0.11
7 of Exp | 0.0006:0.0001 | -0.0003:0.0000 | -0.0005:0.0000 | -0.0004£0.0001 | -0.0001-0.0002
3<Pr<4| 20<y<25 | 25<y<30 | 30<y<35 | 35<y<40 | 40<y<45
mean of CB| 3095.69:0.07 | 3094.8%0.05 | 3093.9200.05 | 3093.12-0.07 | 3090.99:0.15
ocof CB| 11.28:0.07 12.34:0.04 14.20:0.05 16.8Q:0.07 20.17:0.14
7 of Exp | -0.0001:0.0001 | -0.0002:0.0001 | -0.0006:0.0001 | -0.0001:0.0001 | -0.0002:0.0003
I<Pr<5b| 20<y<25 | 25<y<30 | 30<y<35 | 35<y<40 | 40<y<45
mean of CB| 3095.46:0.08 | 3094.62-0.05 | 3093.69-0.06 | 3092.88:0.09 | 3091.070.20
ocof CB| 11.83:0.07 12.98:0.05 14.83:0.05 17.51:0.08 21.28:0.17
7 of Exp | -0.0002:0.0001 | -0.0003:0.0001 | -0.0002-0.0001 | -0.0001:0.0002 | -0.0003-0.0006
F<Pr<7| 20<y<25b | 25<y<30 | 30<y<35 | 3b<y<40 | 40<y<45b
mean of CB| 3095.36:0.07 | 3094.39:0.05 | 3093.510.07 | 3093.2G:0.10 | 3091.53:0.22
ocof CB| 12.55:0.06 13.53:0.05 15.66:0.06 18.53:0.09 22.47:-0.20
7 of Exp | -0.0000£0.0001 | -0.0004+0.0001 | -0.0002-0.0002| 0.0001-0.0004 | 0.0006:0.0010
T<Pr<10| 20<y<25 | 25<y<30 | 30<y<35 | 36<y<40 | 40<y<45
mean of CB| 3095.25:0.10 | 3094.01-0.09 | 3093.38-0.12 | 3093.18:0.18 | 3092.22:0.43
ocof CB| 13.55:0.09 14.64:0.08 16.82£0.10 20.17:0.16 25.30:0.37
7 of Exp | 0.0005:0.0004 | 0.0006:0.0004 | 0.0003:0.0005 | 0.0002:0.0008 | 0.0007-0.0020
10<Pr<15| 20<y<25 | 25<y<30 | 30<y<35 | 35<y<40 | 40<y<45
mean of CB| 3095.13:0.20 | 3093.66-0.20 | 3093.42:0.27 | 3092.54-0.45 | 3093.96-1.14
oc0of CB| 15.03:0.17 16.21:0.17 18.77:0.23 23.02:0.40 29.59+1.04
7 of Exp | -0.0001:0.0008| -0.0000:0.0009 | 0.0028:0.0016 | 0.0015:0.0024 | 0.000Q:0.0000

Table 5.3: Main parameters derived from the fit to the invaraass distribution, with the Crystal
Ball and exponential functions for the signal peak and trekgpaound respectively.
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5.5.2 Determination of normalization factor from Monte Carlo

The normalization factor Norg, Age, As) is defined as:

Norm(Ag, Aog, Ag) = /dQP(cos 6, ¢) X etor(cos b, @)
= /dQ(etot(Q) + A cos® 6 x Etot (2) + Agg SN 26 cos ¢ X €401 () + Ay sin? 6 cos 2¢ x 1ot (2))

= /dQEwt(Q) + Ao / dQ cos? Oeor () + oo / d§2sin 26 cos peyor (2) + Ag / dQsin? 6 cos 2¢e 4 ()
(5.9)

whereQ) = (cos 6, ¢). The four terms in the last member of €g. {5.9) can be cakedlaom MC
as follows:

/dQ€tot(Q) = JXV:giei = Etot
2 ccos?0;
)\g/dQ cos” et (2) = Ag X ’Ni = Eiot X GNg
g 0 (5.10)
oo / d2sin 26 cos Peior () = Mgy X i SH]I\? i €05 P = it X DAy
gen
.2
Ao / dQ2sin? 0 cos 2¢e; () = Ap X i SmNHi €0 20 = Epot X CAg
gen

The sum is made over all the selected events in the Monte €amiple, whileN,.,, is the number
of generated events. If the first term is then normalized tioe three coefficient&a, b, ¢) can be
interpreted as the expectation values@f 6, sin 26 cos ¢ andsin? # cos 24 and can be extracted
from the corresponding Monte Carlo distributions. Also lie tcalculation of the normalization
term the analysis is completely unbinned.

5.5.3 Minimization with TMinuit

The function—In L can now be minimized with the TMinuit software package wheimtegrated
in ROOT [47]. The set of parameters that minimizes the loglilitfood function is the fit result.

5.6 Binned fit methods

Two alternative methods, based on binned fits of the angusrititions incosd and ¢, are
described in this section. As already mentioned, the reslitained with this two alternative
approaches are used to cross check the DLL method results.
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5.6.1 Full angular analysis: alternative method with 1-D fis

A first method consists in the extraction of the three paramsel, A\, and g with a binned fit
by considering the projected single angular distributibhe method has been used by HERA-B
for the measurements of thE/v) polarization [23].

Integrating the full angular distribution ovess 6 and¢ in the ranges$—1; 1] and[—; 7| respec-
tively, the single-variable distributions of eq$. (5.30e®.4) are obtained. Since none of them
depends ory, a third distribution is needed. For this reason a new vaighh be introduced,
defined as a combination of the previous two variables asvitrig:

bo = { o — %77 forcosf < 0 (5.11)

¢—7% forcos >0

Replacinge with the new variablep, in the full angular distribution in eq.[(5.1), and properly
integrating overos 6 it is possible to get its one-dimensional distribution:

AN VP
dog 3+ Ao

CoSs Q. (5.12)

This third distribution together with those afs # and¢ allows to extract all the three parameters.
This must be done performing a simultaneous fit to the thrseilolitions, since they all depend
on \g.

Selection of the signal events

In order to select the one-dimensional angular distrilmgtiof the signal events, the background
must be properly normalised and subtracted from the fiduegibn in the invariant mass distri-
bution discussed in section 5.5.1.

The normalization factor is provided by the fit to the invatienass distribution of the muon pairs.
Each of the single-variable distributions dns 8, ¢ and ¢y is built using the events in the fidu-
cial region of theu™ 1.~ invariant mass distribution, defined as th@o window centered on peak
value. The background distribution in the signal region bgamed averaging the distributions
of the events coming from the left and right sidebands. The pignal distributions ofos 8, ¢
and¢y are obtained subtracting the background from the distdhatof the events in the fiducial
region.

From the fit the number of signal and background events initir@bkregion is estimated. The
number of background events in the sideband regiéngis given by the sum of the events in the
right and left sidebands (respectivaWz,;; and Ny4;q)

N = Npgia + Nisia. (5.13)
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Thus the background normalization factor is given by:

bkg
N = NSFR
- bkg
Nsid

(5.14)

where N2+, is the number of background events in the signal fiduciabregi

Efficiency correction

The angular distributions obtained after the backgroutuiraation are not yet the theoretical dis-
tributions described by the eqd. (5.3), (5.4) dnd (5.12)fath the angular distributions can be
strongly modified by the detector acceptance and by the affigi which are not flat in the two
angular variablesos 6§ and¢. Taking into account the efficiency effect the observed &rgiis-
tributions of signal events can be written as products oftikeretical function and the efficiency
term:

d2Ndata
doos0d) P(cos 0, ¢;\) - etot(cos 8, ¢) (5.15)

whereey (cos 8, ¢) is the total detector efficiency, which depends on the kiresaf the events
andP(cos 6, ¢; \) is the theoretical angular distribution defined in €g.1(5.1)

To get the one-dimensional distributionsciss # and¢, of egs. [(5.8) and (5.4), the formula in eq.
(5.15) must be integrated inandcos 6 respectively. To reduce the bias caused by the presence of
the efficiency term it is necessary to assume that the twangeteas\, and \g,, are small. This
hypothesis will be verified a posteriori.

Integrating eq_5.15 ovef one obtains:

2
Teos o (1 + Ag cos 9) X Etot (cOS B) (5.16)
while integrating ovep:
dN 2A
a5 [1 +3 +‘§6 cos(2¢)} X g0t (6) (5.17)

To obtain the third angular differential decay rate it isessary to properly replagewith the new
variabled, in the eq.[(5.1b) and then integrate oves 6.

dN

V24
— X
dog

34+ Ny

1+

cos ¢9] X Etot (COS (g (5.18)

The efficiency single-variable distribution fabs 8, ¢ and ¢y is evaluated from an unpolarized
Monte Carlo sample. In fact since the Monte Carlo sample plamized,\g = Ay = A\gy = 0
and in this case’(cos 0, ¢; A\) = 1. Thus the observed angular distributions are equal to the
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efficiency:
1 dNye

Nuo deosf Etot(cos ) (5.19)

1 dNyo
2 e 5.20
N g = ce(9) (5.20)

1 dNyo
. = ot (0 5.21
Moo = cenlfe) (5.21)

In this way the unpolarized Monte Carlo angular distribnti@ive exactly the detector efficiency
functions.

Dividing the differential decay rate of the data by the diffatial decay rate of the Monte Carlo
simulation, the efficiency term disappears, obtaining ffieiency-corrected angular distribution
of signal events:

dNgata |/ dNpc 2
dcos@/dcos@ o 14 Agcos“f (5.22)
dNgata /dNyco 2X
1 2 5.23
dooso/ do T3, 829 (5.23)
dNgata [/ dNpc V2Xgs
1 5.24
d cos (;59/ dog L 3+ Mg cos Py ( )

Up to now only continuous distributions have been takenaumount but the same arguments can
be extended to the discrete distributions, provided thatkihematic of the event is completely
known. This is the case of the present analysis since theureasnt is done in bins of transverse
momentum and rapidity of thd/«) candidate, and in the two angular variabtes 6 and ¢.
Nevertheless the binning can cause two problems: the bithwih be larger than thes 6 and

¢ range in which a significant variation of the detector efficigis observed; in addition data and
Monte Carlo distributions can be slightly different withéach bin. On the other hand the bins
should be large enough to be sufficiently populated and ntekéttfeasible.

The \g, A\gy and A, parameters can be extracted from a simultaneous fit to tlrespmmding
efficiency corrected distributions of signal events.

The 1-dimensional background subtractedd and ¢ distributions are showed in Fid._5.4, in
a particularpyr andy bin. Both distributions are corrected for the efficiency ditietd by the
theoretical function defined in eq§._(b.3) and15.4).

5.6.2 Full angular analysis with binned fit

The two-dimensional binned analysis has also been usedp$s check the results of the polar-
ization measurement. The method consists in building:tké and ¢ distributions in the signal
fiducial region. To extract the signal distribution the bgrund, properly normalized with the
parameterV defined in eq.[(5.14), is subtracted from the observed andelzay rate.

To correct for the efficiency the signal distribution is died by the bi-dimensional efficiency and
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Figure 5.4: 1-dimensional background subtracted didichs ofcos 0 (left) and¢ (right) for the
selected//vy candidates in a particularr andy bin. Both are corrected for the efficiency and
fitted by the theoretical function defined in eds. [5.3) and)5

detector acceptance, built from the unpolarized MontedCsample:

d2 Ndata d2 NMC
dcosOd¢/ dcosOdp = f(cost, ;) (5.25)

The efficiency-corrected distribution is then fitted by thedretical function defined in ed. (5.1).

5.7 Validation of the polarization measurement

All the three methods used for the polarization measureimere been applied to the Monte Carlo
sample. Two generated samples are needed. The first sanyoledkarized and it has been used
to determine the detection efficiency. The second one pleysame role of the data in the real
analysis: from this theyy, gy and ), parameters are measured.

The latter has been generated with zero and fully trans\yaokization, in such a way that the
polarization parameterS\g; Ags; \») are respectively0, 0,0) and(+1, 0, 0). An additional sam-
ple, artificially weighted in order to have a completely landinal polarization(—1,0,0) has
been used. For the zero-polarization case the role of thevtere Carlo samples (the one used
for the efficiency and the second one to get the parametand)eawapped to check the possible
presence of bias in the method.

The frame used by the Monte Carlo generator is the labor&tanye, where the polarization axis
is chosen to be the axis. Thus also the validation is done in the same labordtame, to be
able to compare the results with the values used in the siionlal he results obtained with DLL
method in the unpolarized Monte Carlo are shown in Figs] [%.6,[5.7, along with the results
obtained with the swapped Montecarlo samples. The resulthé transversely polarized Monte
Carlo are presented in Fids. b.8.]5.9 and 5.10. In the firsf plg.[5.8,\y — 1 is shown, which
should be nominally). There seems to be an apparent dependence ofytiparameter on the
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J /vy pp. To study this effect the transverse polarized sample has $glitted in two subsamples
and the)y, A\g, and Ay parameters are extracted again. No dependence is obsarged df the
two samples while only a slight dependence is seen in the,aheat can be concluded that the
dependence is only an effect due to a statistical fluctuatibime results obtained with the one
dimensional binned method are displayed in Higs.1$.11) &itP5.138, for the unpolarized Monte
Carlo sample. From the results obtained with the polariretienpolarized Monte Carlo it can be
concluded that the methods are able to extract the polanzparameters. Similar conclusion can
be drawn also for the two-dimensional binned method andihgpét the longitudinally polarized
Monte Carlo.
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Figure 5.5: Result oAy in the unpolarized Monte Carlo test in HX frame with the DLL thned,
in the two plots the roles of the two samples are exchangely. sIatistical errors are shown.
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Figure 5.6: Result ofg, in the unpolarized Monte Carlo test in HX frame with the DLL timed,
in the two plots the roles of the two samples are exchangely. sIatistical errors are shown.

5.8 Systematic uncertainties

In this section the systematic uncertainties associatéuet®LL method, which have been taken
into account in the measurement, will be presented.
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Figure 5.8: Result of\y in the fully transversally polarized Monte Carlo test indaétory frame
with the DLL method. The pull distribution is plotted on thight. Only statistical errors are

shown.
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shown.
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5.8.1 Finite Monte Carlo statistics

The normalization in the DLL method is made with the Monte I€aample as described in
sectiorl5.5.2. In particular the three parameterisandc introduced in[(5.0) are determined with
the Monte Carlo sample. Since the statistics of the MontéoG@alimited, the associated statistical
fluctuation must be taken into account.

To do this the bidimensional Monte Carlo distributionciss 6 and ¢ is built. Using it100 new
Monte Carlo samples (toy Monte Carlo) with the same stasisif the original one are generated.
With these new generated samples the normalization isrdeted and is used to calculat®0
new values for\g, Mgy and Ay . The results for\g, A\g; and A, follow very nicely a gaussian
distribution, as shown in Fig[_5.1l14. The sigma of these ibistions are taken as systematic
uncertainties on the corresponding parameters due to iteeMonte Carlo statistics. This method
is used for all theor and rapidity bins.

5.8.2 Background subtraction

The error on\g, A\gy and )\, parameters are estimated from the maximization of theiliket
function, with the TMinuit method [38, 59]. The errors arevquuted using the one-confidence
level of the log likelihood function:

InLOmax + AN) = InL(Amas) — % (5.26)

The previous can be compared with the expansion of the ladifibkod function at the second
order around its maximum. In the hypothesis of a parabobipstof the log likelihood function:

InL(\) = Na+ A6+~ (5.27)
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Figure 5.14: The distribution of the threeparameters for the 100 fits with the toy MC samples
are shown, for an arbitrary bin of the analysis. Each parametsubtracted by the mean value of
the 100 fits and divided by the likelihood uncertainty.

the variation around the maximum valueds\ = 1/+/2a.

In the DLL method the log likelihood function is weighed irder to subtract the background, so
in principle this method is not correct. In the present casdag likelihood function, defined in
eg. [5.T) can be written as:

InL = lanig + lankgSR — lankgS[D (528)

wherelnLy;, is the log likelihood built with the signal event$; Ly,,sr andinLy,srp are built
respectively with the background events in the signal addbsind regionsSR, SID). While
InL;, is parabolic around the maximuny Ly,sr andinLy,.srp are both linear and, conse-
quently, do not contribute to the uncertainties on the fddon parametersg, Aoy, and), . The
good linearity can be seen in Fig._5.15 for a particglarandy bin. Quadratic correlation terms
are also studied with 2-dimensional log-likelihood distitions and are found to be negligible.
Therefore, the simple error estimation given by the logdltkood variation around its maximum
does not take properly into account the uncertainty intcedlby the background subtraction pro-
cedure. To take properly into account the contributions tduthe background subtraction a toy
Monte Carlo is again used. From thes 6-¢ distributions built with the background events taken
from the sidebands of the mass distribution, two additidgeahs are generated and included in
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the likelihood functions:
InL’ =InL + lankgl — l’l’LLbng. (5.29)

Both terms contain the same amount of events of the sidelyagims.

From the previougnL new sets of\y, gy and )\, parameters are calculated. This is ddne
times and the distributions of each parameter has a gausisae (as shown in Fig._5]16) and
the sigmas of the three distributions are taken as systeraatirs associated to the background
subtraction.

The procedure is applied in eadh« rapidity andpr bin.
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Figure 5.16: Distributions ohg, A\, and ), parameters (subtracted by the nominal results) ob-
tained from the likelihood fit on the 100 toy Monte Carlo saewpl The sigma of the Gaussian
distribution is taken as the statistical uncertainty dubaokground subtraction in the likelihood.
The plots are shown f@ GeV /¢ < pr < 3GeV /cand3.5 < y < 4.

5.8.3 Background linearity

To subtract the background contribution in the likelihobd essumed that the background invari-
ant mass distribution is linear.

In addition the fit results fokg, \g, and 4 could depend on the choice of the sideband position.
To evaluate the uncertainty due to these assumptions twt@wd have been developed.
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e Linearity: an exponential model for the background has liged. In this case the weights
are no moret1 but the ratio between the number of background events risgpigan the
signal region and in the sideband regions. The differeneésden the obtained values and
the nominal ones are well below the statistical fluctuatiemshe effect can be neglected.

e Sideband positions: The sidebands have been moved awaythwnmominal choicdo to
50 keeping the3o width. The difference between the obtained values and théna ones
is quoted as systematic error associated to the backgroweatity hypothesis.

5.8.4 J /4 pr and rapidity binning effects

The Monte Carlo does not reproduce exactly the kinematiciloigions of data, in particular the
muon transverse momentum. However since the muon specomrelated with the /) kinematic,
the binning inpr and rapidity reduces the amount of discrepancy betweenatadonte Carlo
spectrum within the bins and the consequent possible iariat the \y, Aoy andy results.
However, to study further this effect a finer binning is madieiding eachp; and rapidity bin in
two, and recomputing in each one of these sub-bins\the\s;, and A4 parameters. The differ-
ence between the average of the results obtained in theissitaid the nominal ones is taken as
systematic uncertainty due to the binning.

5.8.5 t,, systematic

The events containing prompt/+) are selected in the data putting a cut on the pseudo proper
time significance, as explained in sectionl 5.3. But sincarthens spectra shows some difference
between data and Monte Carlo, also the efficiency assodiatéte, cut is different. For this
reason a cut on thig; will select events with different efficiency and the Monterldanormaliza-

tion needed for the DLL method is not properly calculated.

Anyway the contribution of the delayed component is just3¥ieof the total amount of events in
the right side of the pseudo proper time distribution, if aat on the significance is kept, and it

is almost0 on the left side (for negative, value). Moreover it has been verified that the data
distribution is well reproduced by the Monte Carlo if thetlase is rescaled for a proper factor,
as shown in Fig[[5.17. Then the scaled Monte Carlo can be ossidy the cut efficiency, by
looking at the ancestors (short or long lived hadrons, ptasppollisions) of theJ /) candidate

to determine if it comes from &hadron decay or if it is promptly produced. For what consern
the data distribution, the cuit.; < 4| must be kept because it is not possible to distinguish the
prompt and fromb component without reconstructing the full decay chain @halysis is based
on inclusive events).

To evaluate the systematic associated to this cut the poragirMonte Carlo sample is used do
calculate the normalization of the DLL method. With the satata sample selected by the cut at
|t.s < 4| and the new normalization the polarization parameters @rgated again. Any differ-
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ence from these results and the nominal ones is due to thevegithevents and will be quoted as
systematic uncertainty.

The last step is to correct this bias for the different cutedficy between data and Monte Carlo.
Naming A the difference between the new and the nominal resultsrapg ryc the two effi-
ciencies in data and Monte Carlo respectively, this is dartbé following way:

6., = ATdate ZTMC (5.30)
rmMC

which will give the final estimation of the systematic unearty.
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Figure 5.17:,, distribution in data and Monte Carlo sample. The Monte Cselled distribution
is also plotted.

5.8.6 Muon identification

The efficiency of the muon identification cut can show somé&dihces between Monte Carlo
and data and this again will carry a systematic uncertaifitye cut on the muon identification
is strongly related to the background subtraction: in faet éffect of this cut is to reduce sub-
stantially the background. However the difference betwiglemte Carlo and data in the muon
identification cut efficiency is negligible in the analysege. So no systematic contribution has
been given for this effect.

5.8.7 Bin migration

Because of the rapidity and transverse momentum resojusiorevent can be assigned to the
wrongy andpr bin. The estimation of the events migrating from a bin to hapis made consid-
ering the Monte Carlo truth. The migration has been foung between neighbour bins and it is
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negligible in the rapidity binning, so just the effect on fhe binning will be taken into account.
The amount of migrating events4s 1% in almost all bins with few cases neii..

In data thepr resolution cannot be determined but it can be estimated frmymass. In fact
the measured mass peak width~is14 MeV/c? and, being the natural decay width orly 100
KeV/c?, it can be considered as a measurement of the kinematiatiesol

Using the Monte Carlo truth thé/«) binning and the polar angk are determined and used to
calculate the normalization for the DLL method. From the savtonte Carlo sample and using
the new normalization terms, thg, A\gy and Ay are determined using the reconstructgdand
rapidity with the nominal binning. Since the Monte Carlo gdenis unpolarized any deviation
from 0 is an estimation of the bias due to the full kinematic resolutTo get the bias correspon-
dent to the different resolution between data and MontecC#re observed deviatioA must be
multiplied by the difference between the resolution in datd Monte Carlo:

Opes = Aadata _ome (531)
oMC
and this gives the systematic uncertainty.
The estimated uncertainties are found to be well below thtésital fluctuations and are therefore
considered negligible.

5.8.8 Contamination due toJ /v from b

The cut on pseudo proper time significance does not removeletety the component of delayed
J/v , and a contamination at the level of a few percent (depenadimthe./ /) pr and rapidity)
is present in the prompt/y sample. The Monte Carlo is unpolarized for both the prompttae
delayed component but in the data the delayed componenhani# a different polarization with
respect to the prompt one and this fact will introduce a bigké measurement. To determine the
corresponding uncertainty the fraction £fy> from b left after thet., cut is calculated and then
corrected for the difference in the selection efficiencyngetn data and Monte Carlo.

The fraction of.J /v from b is determined from a fit to the , distribution as described in section
[4.4. The selection efficiency is estimated from the Montddsample, by looking at the Monte
Carlo truth. Ifr, andr, are the selection efficiencies for prompt and) from b respectively, the
fraction of .J /v from b will be:

B 5 fb
Fo= Tofo +1rp(1 — fo) (5.32)

wheref;, is the number off/¢) from b over the total, as estimated from the fit. The contamination
with the cut at.; = 4 is shown in Fig[5.18 as a function of thgvy pr.

The bias introduced is evaluated shifting the cut from 4 to 10, to increase the number of
accepted/ /¢ from b and recalculating the polarization parameters. The @iffee between these
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new results and the nominal ones are propagated to the cioatizon of J /v from b att., = 4:

(Fpa — Fp10) A

Op =
Fyy

(5.33)

which will give the systematic uncertainty.
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Figure 5.18: Fraction of /¢ candidate fronb-hadrons decays left by the, cut.

5.8.9 Tracking systematic uncertainty

The uncertainty on the tracking efficiency is estimated fer different.J/¢) pseudorapidity and
momentum values and it amounts2#% per muon track. To take into account the difference in
the J/v spectra between data and Monte Carlo each event is weighttek iMonte Carlo to
recompute the normalization of the DLL method. Several neotiedescribe the dependence of
the tracking efficiency on the momentum and pseudorapidite ibeen considered.

The dependence of the tracking efficiency on the pseudoitapids been modelled with linear,
parabolic and triangular dependence. The functions usaedsls are chosen in order to simulate
a10%, 4% and2% inefficiency at the edges of the pseudorapidity rarige (7 < 5, beingn the

J /v pseudorapidity).

To model the tracking efficiency dependence on the transvammentum a logarithmic function
has been chosen, in such a way that at low momentui@¥ainefficiency is simulated.

With each model a per-event weight is computed and assignétetMonte Carlo sample. The
weighted Monte Carlo sample is the used to calculate the alaration of the DLL method and,
subsequently, new polarization parameters. The differ&etween these values and the nominal
ones is quoted as systematic uncertainty.
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5.8.10 Magnet polarity

The analysed sample includes data taken with both magretijpesd. Reverting the magnet polar-
ity has the same effect as taking the to compute the polar and azimuthal angleend¢ instead

of u*. If the negative muon is chosen the polar and azimuthal anglk become respectively
0 - m—60and¢y — 7w+ ¢. The theoretical distribution in eq[(5.1) is invariant endhis
transformation but the detection efficiency can be affetigdome detector asymmetry. Thus a
possible systematic uncertainty must be evaluated. Toidahh two magnet polarity samples
are treated separately and the difference between thenettaiolarization parameters is quoted
as uncertainty. It has been found that in almost all the aimalyins the uncertainties due to the
magnet polarity are well below the statistical fluctuations

5.9 Results

The values of the fitted parameteNg Ag4, A, are shown in Figs. 5.108, 5.20 and 5.21 as a function
of the transverse momentupr. Results for different rapidity bins are shown in the sanwsl
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Figure 5.19:\y in differentpr bins for 5 rapidity bins. Statistical and systematic uraiettes are
added in quadrature.

In Appendix(A all the polarization parameters and the cal@d uncertainties are listed.

From the plots it can be seen thatand )\, are consistent with zero within a few percent. For this
reason also the 1-D binned fit method is reliable becauser@adgl mentioned in the sectigh 5,

the possible distortions of the single variable distribng in eqgs. [(5]3) and (3.4) are strongly
suppressed if the two parametegsand )y, are close to zero.

Furthermore, the choice of the helicity frame, made at thggriméng of the analysis, was a good

choice and this frame is the "natural” frame for measurirgpblarization. In fact sincgg ~ 0,
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Figure 5.20:\y, in different pr bins for 5 rapidity bins. Statistical and systematic uraiettes
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the measuredy parameter is a direct measurement of fli@ polarization, because the invariant
parameter defined in ed. (b.2) is essentially equaptitself.

Although with a small value)y results to be negative( —0.2), and the.J/« is found to have

a slight longitudinal polarization. This polarization deases with increasingr and rapidityy.
The results can be compared with the ones obtained by otlperiments. For what concerns
the \y parameter also CDF [22], PHENIX[60] and HERA-B [23] obtaislaghtly longitudinal
polarization but given the different ranges $fv rapidity and transverse momentum and the
different collisions energy it's not possible to draw anyclision concerning the dependence on
pr, especially at high values where the statistics is limiteal. what concerns the other parameters
only HERA-B measured and )\, obtaining results very close to zero, consistently withQtH
values.

In Figs.[5.22[ 5.24, 5.23 the results for the three parameigri, and \g, are shown inte-
grated over the rapidity range between 2 and 4.5. The errerrbpresent the statistic uncertainties
while the boxes are the statistics and systematics unegesiadded in quadrature.
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Figure 5.22: )y in different pp bins integrated over the rapidity range. Error bars repitete
statistical uncertainties while the boxes are the statistind systematic uncertainties added in
quadrature.

In Figs.[5.25[5.26 and 5.7 the results obtained with the Bidthod and those obtained
using the two alternative binned fits, are compared in theersmnificative region2.5 < y < 4)
where the statistical sensitivity is higher. Except for f@ngle points, the agreement between the
three methods is quite good. Due to the poor statistics iffithieand the last rapidity bins the
two binned methods give problems in the fit, yielding highvalues. For these reasons the two
methods are not taken into account for the comparison iretregsdity regions.
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Figure 5.23:)\y, in different pr bins integrated over the rapidity range. Error bars repretie
statistical uncertainties while the boxes are the statistind systematic uncertainties added in
quadrature.
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quadrature.
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Figure 5.25: Results oky obtained with the DLL, 2-D and 1-D binned methods for the ¢hre
central rapidity bins. Only statistical errors are shown.
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Figure 5.26: Results oky, obtained with the DLL, 2-D and 1-D binned methods for the ¢hre
central rapidity bins. Only statistical errors are shown.
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central rapidity bins. Only statistical errors are shown.
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5.10 Comparison with ALICE experiment

The ALICE collaboration studied thé&/+ polarization in theyp collisions at,/s = 7 TeV, looking
at its decay into a muon palr [61]. The polar and azimuthalestand¢ have been obtained in
the helicity frame and their 1-D distributions have beeuligtd to extract the,y and)\, parameters
(since only thecos 6 and ¢ single variable distributions have been studied in the AE Ehalysis
the third parameteky,, has not been measured). The measurement has been perfarbiesl of

J /1 transverse momentum and integrating on the rapidity in erkatic range very similar to the
one of LHCD, bein@®.5 < y < 4 and2 GeVle < pr < 8 GeV/c. Thus a comparison with the
LHCb resullts is possible. In Fig. 528 the ALICE results aied for Ay and ), are compared the
LHCDb results in the three central rapidity bins b6 < y < 4, which is the same rapidity range
of the ALICE analysis. The error bars correspond to thestieéil uncertainties while the boxes
are the sum in quadrature of the statistical and systemticse As it can be seen from the plots
the results are in good agreement for both Xpend\, parameters.
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Figure 5.28: Results ofy and )\ obtained by the LHCb and ALICE collaborations in the rapidit
range2.5 < y < 4. The results obtained by LHCb in the three central rapidibg lare shown in
different colors. The error bars correspond to the sta#iktincertainties while the boxes are the
sum in quadrature of the statistical and systematic errors.
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Chapter 6

J /1) cross section measurement

To better understand the quarkonium production mechartissnoif fundamental importance to
measure also thé/+) production cross section.

A measurement of the//¢) production cross section has been published by LHCb based on
data collected ire010 [63]. In this early analysis the//iy) was supposed unpolarized and a
large systematic uncertainty was assigned to the measuosd section due to the unknown
J /v polarization. In addition large systematic errors wereetfhg the result due to the knowl-
edge of the tracking efficiency and to the error on the absdluhinosity.

In this work a new analysis of th2010 data is described where thigy) production cross section
is now measured taking into account the results on the pakioh discussed in chapter 5 and
profiting of a much better understanding of the trackingeysitics and of a smaller error on the
luminosity that were the largest sources of uncertainthingrevious measurement.

The cross section measurement is madg loins of J/¢ rapidity in the range < y < 4.5 and

14 bins of J/4 transverse momentum in the range< pr < 14 GeVic and is also measured
separately for the prompt/«) and for the component coming frobrdecays. The latter is finally
used to obtain the totalp — bbX production cross section.

6.1 Event selection

This study is based oB.2 pb~! of pp collision data taken at a centre-of-mass energy &V

in September2010. The data were collected using three trigger configuratioasned TCKs
(Trigger Configuration Keys), which are three sequencedgufrithms defining the trigger lines
used to select the events. The three TCKs are identical fat edncerns the muon trigger and the
lines (and correspondent cuts) are those listed in sectiinEach TCK is identified by 82 bit
hexadecimal value as listed below:

e TCK 0x001DO0030;

e TCK Ox001EO0030;
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e TCK 0x001F0029.

In the third TCK the single muon line at HLT1 is prescaled hstda0.2: this means that only/5

of the events passing this line are accepted by the triggecase of this prescaling, a different
efficiency will be computed for the 0x001D0030, 0x001E00RA for the 0x001F0029 TCKs.
The data used in this analysis were collected with high gildseam conditions (see sectlon]2.3)
In these conditions very high multiplicity events can ocitiat cause a high occupancy, especially
in the Vertex Locator and in the Outer Tracker. These eveatei@ate dead time at HLT level
because of the long processing time needed to analyse threeavoid this, a set of Global Events
Cuts are applied at the LevelO trigger on the multiplicityginty on the subdetectors involved in
the pattern recognition, which are the VELO and the trackitagions. A cut is also applied on the
multiplicity of the hits in the Scintillating Pad DetectdBPD) whose information is used by the
LO trigger. The list of Global Event Cuts is shown in Tabl6.1.

trigger level GEC value
LO # SPD hits < 900
HLT1 # Velo clusters| < 3000
HLT1 # IT clusters | < 3000

HLT1 # OT clusters | < 10000
HLT2 # Velo tracks | < 350

Table 6.1: Summary of Global Event Cuts (GEC).

The events accepted by the trigger are further filtered byighef cuts described in sectign 4.2.
The trigger configuration and performance for the 2010 delteng) are described in [62].

6.2 Cross section measurement

The double differential cross section value in eaghand rapidity bin is defined as

o N(J/¢ = ptp”)
dydpr L X etor X B(J/p — ptp~) x Ay x Apr

(6.1)

whereN (J/v — ptp™) is the number of signal events in the examirigd; y) bin, &4 is the
total .J /v detection efficiency (including the acceptance, the retcocion and selection, trigger
efficiencies). £ is the integrated luminosity of the data sample used for tiayais,B(J/y —

pt ™) is the branching ratio of thé/y» — u™p~ decay, which is provided by the Particle data
Group [121B(J /¢ — ptp~) = (5.94 4+ 0.06) x 10~2. The widths of thepr and rapidity bins
are respectivel\y = 0.5 andApr = 1 GeVie.
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Figure 6.1: Dependence of tleandn parameters of the Crystal Ball enin the Monte Carlo
sample.

6.3 Number of signal events

The number of signal evenfS(J/¢» — p*p™) in each analysis bin has been determined with
an unbinned fit to the invariant mass distribution of ey~ pairs, in the rangé2950; 3300]
GeV/c?. The signal peak and the background are described resglgdiy a Crystal Ball and an
exponential function, as described in secfiod 4.3. The fieisormed in eaclh andy bin of the
analysis.

It has been observed a strong dependence of the Crystal 8alingters:, n on the widtho of
the mass peak. Thus their values have been extracted frolticthiee Carlo simulation as follows.
The Monte Carlo mass distribution is smeared with a gaudsiaction with width taking values
within [7; 30] MeV/c?. Then the smeared distribution is fitted with the Crystal Badction fixing
the o parameter to the corresponding smearing value. The depeadés andn with respect to
the o value is then obtained and it is shown in Fig.]6.1. The two esirare parametrized with
two second order polynomiats= 2.22 + 0.0040 + 0.00102 andn = 1.04 + 0.0410 + 0.0020°2.
These parametrizations are then used in the fit to the data distsibutions. The total signal
yield is obtained summing the numbers of signal events ofithe 5 bins of the analysis and
lead toNg;gna = 564603 £ 924, where the error is statistical. An example of the fit to thessna
distribution is shown in Fid. 612 for two particulas- bins, withl GeV/c < pr < 2 GeV/c and

2 GeV/e<pr <3 GeV/e,andfor3 < y < 3.5.

6.4 Disentangle the prompt and fromb components

The production cross section is measured separately farémept and fromb J/¢) components.
The number of signal events is determined for each compagrefarming a combined fit to the
pseudo proper time and to the invariant mass distributiaasiescribed in sectign 4.4. The fit is
made independently for each of thé¢ x 5 analysis bins. An example is shown in Hig.]6.3.
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Figure 6.2: Example of the fit to the mass for two particularsbiwith1 GeV/c < pr < 2
GeV/cor2 GeV/ec < pr <3 GeV/cand3 < y < 3.5.
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Figure 6.3: Example of the fit to thg for a particular bin, wittlB GeV/c < pr < 4 GeV/cand
2.5 <y <3.
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6.5 Luminosity measurement

The integrated luminosity of the analysed sample is medsui#n the Van der Meer scans [66]
and with the beam-gas imaging method (BGI)/[64], in speciigquls during the data taking.

The Van der Meer method consists in measuring the numbersidleipp interactionsys,;s in
beam-beam crossing, as a function of the position offsdtseafivo colliding beams. This is made
performing a scan in both the horizontal and vertical dioest Fromp,;s the effective cross
sectiono,;, is calculated. During th@010 data taking two scans have been performed during
a single fill. The uncertainty~ 10%, is mainly due to the beam currents knowledge. The two
measurements gave the same value within the error.

In the BGI method the position of the vertices from the intdoans between the beam and the
residual gas in the machine or between the beam-beam ititerm@re determined from the re-
constructed tracks in LHCb detector. The residual gas stsgiainly of light elements such as
hydrogen, carbon and oxygen in the beam vacuum pipe. Theunamasnt of the distribution of
these vertices allows to determine an image of the trans\®nsch profile along the beam direc-
tion. The beam angles, profile and relative position are theasured from the bunches images.
With the beam-image method, the measurements were taking dix different periods of stable
running of LHC using the beam-gas and beam-beam interagtisith the analysis described in
[65]. The measurements taken with both methods are congistghin the10% uncertainty.

The measurements have been subsequently updated to redugscertainty [67]. This has been
possible thanks to an improved vertex resolution and aisalgsels and a better calibration of the
bunch current transformers, for the measurements of thehbdatensities. Besides the uncertainty
also the integrated luminosity central value has been egddaith respect to the previous measure-
ments. The new integrated luminosity for each of the datmdggeriods with the three different
TCKs is given in Tab_6]5 with the correspondent uncertaamg the total value.

TCK L (pb~ 1) | err. (pb™1) | Rel. err.
1D0030| 0.688 0.024 3.5%
1E0030| 1.610 0.056 3.5%
1F0029 | 3.193 0.112 3.5%
All 5.491 0.192 3.5%

6.6 Efficiency calculation

The total efficiency is the product of three terms: the deteatceptance,.., the detection,
reconstruction, selection efficieney.. and the Lk HLTleLTZH trigger efficiencye i,

€tot = €acc X €rec X Etrig (62)

1The product sign X stands for the logical AND of the variougder conditions.
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where each of the three terms is evaluated usisigrainclusive unpolarized Monte Carlo sample.
The first term is the generator level detector acceptancésatefined as:

Events in LHCb acceptance in egeh andy bin

. _ 6.3
Generated events in eaph andy bin (6.3)

€acc =

It is the ratio between the number dfy) candidates with both muons contained in the LHCb
acceptance over the total number of generated events, n(gacy) bin. The request for a muon
to be in the LHCb acceptance means that it must have the mamatditection in[10, 400] mrad
before the magnet. To avoid possible event losses due to dgmetic field, the acceptance is
enlarged a bit with respect to the nominal ofi&, 350] mrad. The Monte Carlo sample used for
the computation of the acceptance is generated withy tlemomentum contained in the forward
regionz > 0.

The second term includes the detection, reconstructiorseledtion efficiencies:

Reconstructed events in eaeh andy bin

= : : — . 6.4
Events in LHCb acceptance in egeh andy bin (6.4)

Erec

It is defined as the number of events detected, reconstrbgtéte reconstruction algorithms and
passing the selection cuts over the number of events in &otag in each{pr;y) bin. This
term contains also the efficiency of matching the reconsttlié/+) candidate with the generated
J/v — ptu~ decay, asking for the Monte Carlo truth (which~s99.9%).

The last term is the LRHLT1xHLT2 efficiency:

Triggered events in eagh- andy bin

. . 6.5
Reconstructed events in egeh andy bin (6.5)

Etrig =

given by the ratio of the number of events accepted by thetinigger steps over the number of
reconstructed events, in eaghy; y) bin.

For each efficiency term it has been checked that it is the $antbe prompt and frond compo-
nent, within the statistical errors.

6.6.1 Polarization correction

The polarization leads to a distortion in the angular distibn of the two muons, which is re-
flected in a distortion of the efficiency distribution as adtion of the polar angles. Since the
three efficiency terms,.., er.c andey,i; are evaluated using an unpolarized Monte Carlo sample,
they have to be corrected for the polarization.

To do this each event is weighted with the angular distrisutdf the muons produced in the
J /v decay normalized ta, in the following way: for each event the reconstructed paled az-
imuthal angle® and¢ in the helicity frame are computed and the normalised angligéribution
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of the two muons is evaluated for thesand¢ values:

d’N 3
fp= deos 00 = (477(3 n )\0)> (1 + \g cos? 0 + Ao sin 260 cos ¢ + Ay sin? 0 cos 2(13) (6.6)

The efficiencies can be written as:

Nacc
Eace = Zi:l fP(97 ¢) (67)

SNGEN £(0, 9)

NrEcC
Eroc = Zi:l fP(9> ¢) (68)

220 fr(0,0)
i fp(0,9)
Zj:RlEC fP(9> ¢)
whereNgen, Naco, Nrepc and Nrgri are respectively the number of generated events, events
in LHCb acceptance, reconstructed and triggered events.

Since the binning of the polarization measurement is difiefrom the one used for the cross
section analysis the correction is applied in the followivey:

(6.9)

Etrig =

e no correction is applied farr < 2 GeVie,

e the cross section calculated in eaghbin betweer2 and5 GeVie is corrected using th&y,
Ay and gy evaluated in the correspondent bin.

e the cross section calculated in both e bins betweery and7 GeV/c is corrected using
the A\g, Ay and g, evaluated betweehand7 GeVic.

e the cross section in eaght bin betweerl and10 GeV/c is corrected using th&y, A\, and
Aoy evaluated betweenand10 GeVie.

e the cross section in eaght bin between 10 and 15 GeVis corrected using th&y, A4 and
Aog evaluated betweerD and15 GeVie.

6.6.2 Polarization systematic error

To propagate the uncertainties on thg A\, and g, parameters on the efficiency determination
(which eventually reflects in an error on the cross sectioasuement), a toy Monte Carlo is em-
ployed. For each bin of /4 rapidity and transverse momentur0 new sets of\g, A\ and \gy
parameters are generated according to a gaussian distnilegntered on the measured values.
This has to be done separately for the correlated and utatameuncertainties on the three polar-
ization parameters, listed in Tals, ALT, A.2, A.3,1A.4 Bn8.ALhe uncertainties on the, Ag and
Ao coming from the maximization of the likelihood function arerrelated while the statistical
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uncertainties related to the Monte Carlo and the systemedin be safely considered uncorrelated.
While for uncorrelated uncertainties, single disjoint ggian distributions can be used to generate
the three parameters, for the correlated errors a full teensional gaussian distribution must
be used: )
1 MWNTyv—1 5%
= sV (6.10)
€2 .
(2m)3/2\/]V]
whereX = (X\g, A4, Ags). The covariance matri% associated to the correlated uncertainties is
given by the likelihood fit, while for the uncorrelated unteémties it is a diagonal matrix contain-
ing the sum in quadrature of all the contributions:

cov(Ng, Ng)  cov(Ng, Ngy)  cov(Ag, Ay)
V=1 cov(Xgg, Ng) cov(Ngg, Aop)  cov(Nge, Ag) (6.11)
o N)  covlhss i) covlA, Ag)

With each set of generated parameters the efficiencies anglatad and a distribution is built
whose RMS is taken as systematic uncertainty due to the pfulaeization parameters.

The binomial uncertainty, due to the finite number of Montel@€avents must also be calculated
for the three efficiencies, in the following way:

acc Eacc(l - Eacc) rec Erec(l - Erec)
— - ~ace) = = == 6.12
Ostat NGEN stat NACC ( )
tig — Sl ~ Cuie) (6.13)
REC

Thus the total uncertainty on each efficiency term is giverthgysum in quadrature of the three
terms:

Oeree =\ (056,)2 + (08580, )? + (0255,)? (6.14)
Oere =\ (01562 + (01 0rr)? + (0755,)? (6.15)
Oevss =\ (O)2 + (0lriors )2 + (07282 (6.16)

ando?

uncorr

wherec?, .. (i = acc, rec, trig) are respectively the propagated correlated and uncor-

related uncertainties on the polarization measuremetgyrdened with the toy Monte Carlo.

6.6.3 Efficiency results

In Figs.[6.4] 6.b 616 arld 6.7 the results for acceptancenstaiction and trigger efficiency are
shown, corrected for the polarization distortion. The TCKOD1F0029 is prescaled at the HLT1
single muon line, so the correspondent trigger efficiengy,. saturates &i0%, unlike the trigger
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Figure 6.4: Monte Carlo-based acceptangg for prompt.J/¢ , corrected for the polarization
effect, in bins ofy.

efficienciess ,presc for the TCKx001D0030 and @001E0030. Almost no difference is observed
in the reconstruction and trigger efficiencies, after aimgjythe polarization correction, while the
acceptance efficiency is slightly higher than in the zerlayimation hypothesis. No correction is
applied to the first twe bins. The drop in the reconstruction efficiency3ateV /c is caused by
the selection cut on the muon transverse momentum, shovatiios[4.2.

Finally the total efficiencies ,presc andey,esc for the two TCKs are shown in Fig. 6.8. The
total efficiencyeiot Used to calculate the cross section is obtained averagsmgih efficiencies
Eunprese ANAepresc, Weighted with the integrated luminosity correspondinghte prescaled and
unprescaled TCKs:

ﬁunpresc N + ﬁpresc
ﬁTOT unpresc ﬁTOT
where L presc and Ly,cs. are respectively the integrated luminosity of the two sa®ghken

with TCKs x001D0030 plus 8001E0030 and TCk«001F0029. The result is shown in Fig.}6.9.

Etot = X Epresc (617)

6.7 Systematic uncertainties

Several possible sources of systematic uncertainties leme studied, to evaluate the effects on
the final result. In the following paragraphs they will be diésed in details. For each contribution
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Figure 6.5: Monte Carlo-based reconstruction efficiengy for prompt.J/« , corrected for the
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Figure 6.6: Monte Carlo-based trigger efficiengy, for TCK 0x001D0030 and for prompt/+ ,
corrected for the polarization effect, in binsgfA similar efficiency distribution can be obtained
for TCK 0x001E0030.
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it is specified if the uncertainty is correlated between thasisp, and rapidity bins or not.

6.7.1 Systematic on tracking efficiency

The tracking efficiency contains three different contritms. The first one comes from the dis-
crepancy between the data and Monte Carlo efficiency disiis. The ratio between the data
and Monte Carlo efficiencies (relative efficiency) has beahuated in different muon momentum
p and pseudorapidity bins. The second and third sources come from the correlgtdmnsatic
error associated to each track and the uncertainty in theriabinteraction inside the detector:
the two contributions are estimated to be respectiOelf; and2%.

In the first measurement off/«) cross section [63] 4% systematic contribution was assigned to
each muon track, due to the tracking uncertainty. This lea tesulting8% contribution for the
two muons tracks. With the reduction of the luminosity anel plolarization uncertainty (thanks
to the polarization correction) the tracking error becalreedominant source of systematic. Im-
proved estimates of the relative tracking efficiency betwdata and Monte Carlo allowed to
recompute the uncertainty. This has been done in the folipwiay. Starting from the relative
efficiency values between data and Monte Carlo, for gaahdn, a smeared efficiency table has
been generated with a toy Monte Carlo: each generated efficiable correspond to a different
simulated experimentl(00 in total). For each simulated experiment all the events enNfonte
Carlo sample are weighted with the relative efficiency adicgy to the muon track andn. Then
the overall efficiency of the experiment is determined ayimigion all the events and a distribution
is made. The RMS of this distribution gives the uncertainig tb the discrepancy between data
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Figure 6.10: Comparison between data and Monte Carlo feprescaled (left) and prescaled
(right) TCK.

and Monte Carlo. The total systematic associated to thé&itrgds found to bel.5% for each
track, which mean8% for the two muons tracks. The errors are correlated betwaem @nalysis
bin.

6.7.2 Trigger efficiency

Since the trigger efficiency is determined using an unpmdariMonte Carlo sample, the system-
atic uncertainty is given by the comparison between the aladathe simulation.

The trigger efficiency in the data is computed using a pdeictrigger unbiased event sample.
The sample contains events which would be triggered aldueif/f1) candidate were removed

(Trigger Independent of Signal, or TIS). The TIS events usechlculate the efficiency are trig-

gered with respect at least to one trigger line. The numerstthe efficiency is the number of

events Triggered On the Signal (TOS), i. e. asking expjiditk the J/¢» candidate. Thus the

efficiency in eacl{pr;y) bin is given by:

TIS&TOS events in eachr andy bin
TIS events in eaclpr andy bin

Etrigdata = (6.18)
To determine the number of events in eaghandy bin a fit to the mass distribution is performed,
as described in sectign 4.3.

The comparison between the trigger efficiency evaluatedata dnd Monte Carlo is shown in
Fig.[6.10 for the unprescaled (right) and prescaled (leK$ as a function of thd/« transverse
momentum and in each rapidity bin. The systematic uncaytéénthen given by the difference
between the efficiency calculated in the data and in the MGaréo distribution.

6.7.3 Global Event Cuts systematic

The effect of the Global Event Cuts can be evaluated in thee stahple with respect to a particular
independent trigger, which accepts all the events havisiggurack segment reconstructed in the
Vertex Locator. The only cut which significantly affect thifi@ency is the requirement on the
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Figure 6.11: Muon tracks normalized distribution in data (black squares) and Monte Carlo (red
circles) sample (left). On the right the efficiency of thecks normalizedy? cut is shown: the
selection requirement is at

VELO clusters, listed in Tak._6.1, while the effect of theatleuts, on the SPD multiplicity and
VELO tracks is found to be negligible. Comparing the Montel@€and data efficiency a%
difference has been found and is quoted as systematic aimtgrtThis uncertainty is correlated
between the analysis bins.

6.7.4 Muons tracksy? fit

The signal selection applies a cut on freof the fit of the muon tracks, normalized to the number
of degrees of freedom. Thus the difference in the data andtéMGarlo should be taken into
account as systematic uncertainty. In [Fig. 6.11 (left glog)distribution in data and Monte Carlo
sample of they? is shown, normalized to the same area for comparison andisymesed. For
the data the signal distribution is extracted using thetdBthnique, described in Appendix C. In
Fig. [6.11 (right plot) the efficiency of this cut is shown, fdata and Monte Carlo sample. The
relative difference 0f).5% can be quoted as systematic error, correlated betweenrnbebthe
analysis.

6.7.5 Vertexx? systematic uncertainty

The selection requires also a cut on fffeassociated to thé/«) decay vertex fit, normalized to the
number of degrees of freedom. The distribution in data andt®l@arlo sample are both shown in
Fig.[6.12 normalized to the same area for comparison. Thakdijstribution in data is extracted
with the sPlot technique. The data and Monte Carlo efficesnof the cut on this variable are also
shown on the right histogram, as a function of the logarittitihex? probability. At the cut value
used in the selection, the difference between the two affités is1.6%. Thus the Monte Carlo
efficiency is decreased ©f6% and half of the correctiof.8% is quoted as systematic uncertainty.
Also in this case the uncertainty is correlated between tiag¢yais bins.
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Figure 6.12: On the left thé/) decay vertex ? distribution normalized to the number of degrees
of freedom, is shown in data (black squares) and Monte Ceelb ¢ircles) sample. On the right
the efficiency of the vertex normalizeg? cut is shown: the selection requirement is on fffe
probability P (x?) > 0.5%, corresponding téogio [P (x?)] > 2.3%.

6.7.6 Mass fit uncertainty

A systematic uncertainty could come from the fit to the irmatimass distribution fit. There are
two possible sources of systematic related to this item.

e The number of signal events entering in the cross sectiomular could depend on the
choice of the function used to model the signal peak. A sumwvof@rystal Ball functions
is also used to perform the fit: the total number of signal t/got with this choice is
558338 + 1422. This number is compared to the nominal numit603 + 924 and thel %
relative difference is quoted as systematic error.

e The number of signal events can be lower due to the loss ofviergi®in the radiative tail.
With Monte Carlo studies the number of events in the tailidetthe mass distribution range
(below 2.7 GeV/c?), not counted by the fit, is estimated to 8% of the signal. Thus the
number is corrected 8% and al% uncertainty is assigned as systematic.

Both contributions coming from the mass distribution fit ecerelated between the analysis bins.

6.7.7 UnknownJ /1 spectrum

The total efficiency is averaged within eagliy) pr andy, thus a contribution to the systematic
could come from the unknowrd /¢ spectrum. To evaluate the uncertainty eaghandy bin

is divided in two. In this way ther andy ranges are divided in bins 600 MeV/c and0.25
respectively. The efficiency is computed in each sub-bin thedaverage is compared with the
nominal value in the correspondent bin. The relative efficjeis taken as systematic error.
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6.7.8 Pseudo proper time fit

A possible source of systematic uncertainty comes from the fihe pseudo proper time distribu-
tion. This can be studied looking at the most populated aislyin, in2.5 < y < 3and3 GeV/c
<pr <4 GeV/c.

The central valug: of the prompt distribution estimated by the fit is differerdgrh zero, probably
because of a wrong description of the background close so/iuie. The fit is repeated fixing

to two extreme valueg = +3 fs and calculating the number of events frénThe variation with
respect to the nominal numberd$% and is quoted as systematic uncertainty.

Another possible contribution could come from the desiipof the long tail, due to the assign-
ment of the wrong primary vertex to th&/+) candidate. The next-event method, used to model
the tail, assumes that the reconstruction efficiengy of the primary vertex does not depend on
its position. The efficiency has been studied with the MoraddCand in the data sample. A small
dependence on thecoordinate of the primary vertex position has been foundhénfirst one and
this can cause an asymmetry in the tail. The variation of thaber of.J/¢ from b with this
asymmetry is measured by redoing the fit using the tail sitadlavith Monte Carlo sample. The
variation is found to be small and thus this effect can beewtgll in the systematic estimation.

6.7.9 Muon identification

The muon identification efficiency calculated in the Montel@€&ample can be cross-checked
with the data, to estimate a possible source of uncertaifitye efficiency in the data can be
evaluated using théag and probe procedure: the//vy candidate is reconstructed from a first
muon track identified by the muon systetag) and a second track which has left a deposit of
minimum ionizing particle in the calorimeter systeprdbe). To avoid possible bias the second
track is independent from the muon trigger lines. Thus tfieieficy is computed as function of
the transverse momentum of the probe muon. Comparing theaddtMonte Carlo results 9%
correction factor has been found and applied to the effigielben al.1% per track systematic
uncertainty is assigned to the measurement. The uncertaimorrelated between bins of the
analysis. This value is a combination of various contridmticoming from the statistical error
due to the finite statistics of the Monte Carlo sample, thekdpammind estimation, the different
efficiencies of the calorimeter selection criteria. Mingaidcan be introduced also by the trigger
and the dependence of the correction applied to the effigienche muon transverse momentum.

6.7.10 Bin migration

As for the polarization measurement, because offthe pr and rapidity resolution an event could
be assigned to the wrong bin. The resolution is calculat@tyule Monte Carlo sample: it has
been estimated2.7 & 0.2 MeV /c for the transverse momentum afid4 4 0.1) x 10~ for the
rapidity. Compared to the bin width, theresolution is negligible, so no uncertainty is assigned
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related to this item. For what concerns the transverse mtumehinning, the efficiency is recom-
puted smearing thgy resolution with a gaussian @) MeV /¢, larger than the measured value
to take into account a possible worse resolution in data. nee efficiency tables are compared
with the nominal ones and@5% deviation is found and assigned as systematic uncertaihiy.
error is correlated between the analysis bins.

6.7.11 bb cross section extrapolation

The extrapolation to the LHCb acceptance and to the full@eree uses the average branching
fraction if inclusiveb-hadrons decays td/¢) measured at LEP. The underlying assumption is that
theb hadronization fractions aip collisions aty/s = 7 TeV are identical to those seen by the LEP
experiments. However CDF recently showed thatitfimryons hadronization fractions could be
larger at higher energy [72].

In order to estimate the systematic error due to the potatiffarent b hadronization fractions for
pp collisions aty/s = 7 TeV, theb-hadron toJ/« branching fraction is calculated assuming that
the central values of the fragmentation fraction are thosagured at Tevatron as calculated by
the Heavy Flavour Averaging Group (HFAG |71]). The relatiliference between the estimates
of the branching fraction at LEP energies and Tevatron ée®2%, is taken as systematic error,
which affects the extrapolation to tt& cross section to the LHCb and to the full acceptance.

6.8 Prompt cross section results

The results for the double differential cross section ferghompt//« are shown in Fid.6.13 cor-
rected for the polarization effect. The cross section \&ltagether with the statistical, systematic
and polarization uncertainties, are listed in Tabs] B.B,[B.5,[B.T and BJ9. The integrated cross
section for2 < y < 4.5 andpr < 14 GeVlic is

Oprompt (2 <y < 4.5,pp < 14GeV/c) = [9.49 £ 0.04 £ 0.537013] ub (6.19)

No correction for the polarization is applied in the first typ bins. The uncertainty due to the
polarization applied below 2 Ge¥is computed as the difference between the fully transverde a
the fully longitudinal scenario, as in[63]. The integratdss section in the polarization analysis
range, with2 < y < 4.5 and 2 GeV¢ <pp < 14 GeVlcis

Tprompt(2 < y < 4.5,2GeV/c < pp < 14GeV/c) = [4.90 + 0.01 + 0.27 + 0.14] ub  (6.20)

In both measurement the first error is statistical, the sgi®rsystematic while the third one is
propagated from the polarization measurement.
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Figure 6.13: Differential cross section of prompt) component as function g@fr and in bins of
y. The displayed uncertainties are the statistical errors.

6.9 J/v from b cross section

The double differential cross section &f+ from b as function ofJ/« transverse momentum in
each rapidity bin is shown in Fig._ 6.14. The displayed erayesonly statistical. No correction
is applied for the polarization on the delayddy , assuming is not polarized in the laboratory
frame. The values, together with the errors, are listed bsT8.2[B.4[ B.B, BI8 arld B.1L0.

The integrated cross section is also evaluated in the asagygge, with < y < 4.5 andpr < 14
GeVie:

Tromp(2 <y < 4.5, pr < 14GeV/c) = [1.14 £ 0.01 + 0.08] ub (6.21)

where the first and the second errors are respectivelytgtatiand systematic.

6.10 bb cross section

From the cross section measurement of.tjie¢ from b, thebb cross section is extrapolated to the
full solid angle in the following way

o(J/¢ fromb,pr < 14 GeV,2 < y < 4.5)

o(pp = bbX) = our 2B(b — J/9X)

(6.22)

wherea,, = 5.88 is obtained from the Monte Carlo simulation, based on PYTHM EvtGen,
and is basically the ratio between the numbed 6§ from b candidates in thér solid angle and
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the number of/ /¢ from b candidates in the analysis rang € y < 4.5 andpr < 14 GeVi).
B(b— J/©X) = (1.16 £ 0.10) % is the branching fraction of &hadron decay into d/v plus
any other particle [68, 69, 70]. The result is:

o(pp — bbX) = [295 4+ 4 + 33] ub (6.23)

where the uncertainties are respectively statistical gatématic.
This measurement is in good agreement with the one obtaintdeel. HCb collaboration studying
the semileptoni® decays inD® ;v X in the first14 nb~! sample acquired by the experiment][73]:

o(pp — bbX) = [284 + 20 + 49] ub (6.24)

being the first and the second uncertainty the statistichsgatematic respectively.

6.11 Comparison with theoretical models

A full discussion of the theoretical interpretation of tlesults presented in this chapter is beyond
the scope of this thesis. In addition no theoretical catouteare available yet based on the present
results. However, since the present results are fully etersi with the previous LHCb results
published in[[63], for illustration purposes the companisif those results with the theoretical
prediction is shown in this section.
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Figure 6.15: Left plot: comparison of the LHCb results witle feading order and next to leading
order predictions for the direct/«) production from the NRQCD, summing the COM and CSM
contributions. Right plot: comparison of the LHCb resuligwthe next to leading order prediction

NRQCD prediction for the prompt component.

6.11.1 Prompt cross section

The measurements presented_in [63] have been comparedew@tattheoretical models.

On the left plot in Fig[6.15 the cross section measuremethefinpolarized//« is compared
with the Non Relativistic QCD prediction for the diregf+«) production (without including any
contribution from heavier charmonium states) at the legdier (LO) and next to leading order
(NLO) in oy (respectively the orange and green uncertainty band). Tédigtions are obtained
summing the contributions coming from the COM and the CSMhanltHCb acceptance region.
On the right plot in Fig[6.15 the same measurement is cordpaith the Non Relativistic QCD
prediction for the prompt//1) component, at the next to leading order, taking into accalstd
the feed down from thg.. state. Also in this case the NRQCD prediction, computedeitiCb
acceptance region, includes the contribution from botH@d and CSM.

The experimental results are in good agreement with theetieal predictions.

6.11.2 J/4 from b cross section

The differential cross section of th&/vy) from b is shown in Fig[[6.16 compared with the calcu-
lation made with the Fixed Order Next to Leading Logarithn®{§LL) [74], [75] model. Within
the FONLL formalism the» quark cross section is predicted including its fragmeaitato theb-
hadrons and their decays to tfigy) . The calculation of the cross section is done in powers;of
taking advantage of the possibility to resum terms propodi to the logarithm of the heavy quark
pr, at high transverse momentum. In this case terms up to tlendewrder ina, are included.
The agreement between the theory and the experimentalgésgbod.
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Figure 6.16: Comparison of the LHCDb results with the FONLedgbction for the delayed compo-
nent.

6.12 Comparison with CMS results

The LHCDb results have been compared also with the ones elthiynthe CMS experiment. The
comparison is shown in Fig._6.17 for the prompt componesymsng no polarization, and for the
delayed component, respectively on the left and right gilbe measurements have been compared
in a common rapidity range, i. € < y < 2.5 for LHCb and1.6 < |y| < 2.4 for CMS, and they
show a good agreement.
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Figure 6.17: Comparison of the LHCb and CMS prompt (left) &mch b (right) J /¢ production

cross-sections, as a functiongf in a common rapidity interval. The measurements are oldaine
assuming na//« polarization.
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Chapter 7

Conclusion

In this work a preliminary study of the charmonia productionhadronic collisions, with the
LHCDb detector, is presented. The study is mainly focusedher ty) polarization and production
cross section measurement with the data acquired by theiergrd during the 2010 operation,
with proton-proton collisions a}/s = 7 TeV at the Large Hadron Collider.

To have a more exhaustive view of the charmonia productiempttarization and the cross section
are both needed for a better comparison among the diffenentetical prediction. In particular
in this study the/ /¢ mesons have been studied, through their decays into muom pai

The polarization has been measured using a dataset of ab@iipb~! of integrated luminosity,
corresponding to roughly thé0% of the full 2010 LHCb sample. It is possible to derive the
polarization of aJ = 1=~ state such as thé/« , from the angular distribution of the two leptons
produces in its decay (in the present case the muon pair@n fre shape of this distribution the
polarization parameters are extracted, using an unbinreednmum likelihood fit to the angular
distribution. Two binned methods are also used to crosskctiecresults. The measurement has
been done fo2 GeV/c < pr < 15 GeV/cand for2 < y < 4.5 and it is the first preliminary
estimation of the polarization performed at LHGsibins of .J/« transverse momentum afidins

of rapidity. The results obtained for the parameter show a slightly longitudinal polarization,
increasing with the increasingr. The Ay and ), parameters are both consistent with

The production cross section has been measured sepamtahefprompt component (directly
produced in thepp collisions or feed down by the higher charmonia states desmagh as the
¥ (25) and they.) and the component produced in the decays of varelsdrons: it is possible
to refer to the latter as the delayed component, since/the is produced far away from the
interaction vertex. The analysis has been done over a sasfiples pb~! integrated luminosity,
out of the full 2010 sample, selecting the subset taken wighdr data acquisition efficiency
and in the lower pile-up conditions: the inclusive crosgisecand differential cross section, in
J /v transverse momentum and rapidity, have been measured far 14 GeV/cand2 < y <
4.5. The measurement has been performed selecting thedecaying into a muon pair and takes
advantage of the large sample.ffy) candidates reconstructed by the LHCb experiments (more
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than 560000 in the analysed- 5 pb~! sample and almost 10° reconstructed candidates per
pb~1)

The J/+ polarization introduces a distortion in the efficiency dizition, modifying the detector
acceptance, on which the cross section depends. Thus ttieraffi has been corrected weighting
each event with the measured polarization function. Theltseefor the prompt cross section is:

Tprompt(2 <y < 4.5,2GeV/c < pr < 14GeV/c) = [4.90 + 0.01 £ 0.27 + 0.14] b

where the errors are respectively statistical, systenatit due the polarization. The latter is
computed propagating the uncertainty on the polarizatieasarement on the cross section. This
measurement supersedes the one published in [63], pedamthe hypothesis of unpolarized
J/v . To take the polarization effect into account-a20% systematic uncertainty was added
to the published cross section measurement of the prophptcomponent. This was by far the
dominant uncertainty, over the other statistical and syati errors.

From the inclusive production cross section of the» from b component the inclusiveb cross
section is extrapolated from the analysis range (in rapititoughly corresponds to the detector
angular coverage) to thir solid angle. The results obtained for the inclusive crost@e for the

J /4 from b and for thebb production are respectively:

otroms(2 < y < 4.5, pr < 14GeV/c) = [1.14 + 0.01 & 0.16] ub

o(pp — bbX) = [295 4+ 4 + 48] ub

where the errors are respectively statistical and systenigtie cross section results are found to
be consistent with other measurements from CMS experimehtvith the most accurate theoret-
ical models.
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Appendix A

Polarization results
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Table A.1: Measured polarization parameters, statisioars and systematic uncertainties. LL stat are the statigrrors returned by likelihood

estimators, MC stat are the statistical errors coming fro@ flctuations, SB stat are the statistical errors cominpnfbackground subtraction,

SB/Specsys are the background subtraction/unkdy spectrum related systematic uncertainties, tzs sys atensgic uncertainties coming
from tzs cuts. TrkSys are systematic uncertainties relatduk difference of tracking efficiency between MC and d&2ontamSys are systematic
uncertainties coming from the remaining polarizationJgi) from b. stat sum is the quadratically added statisticalrerhile sys sum is the

quadratically added systematic uncertainty. Resolusty@mtematic uncertainty is so small that they are negle@tédk y < 2.5.

| Pr(GeV/c) | As | fit | LLstat| MC stat| SB stat| SB sys| Specsys tzs sys | TrkSys | BContamSys stat sum| sys sum|
Aoy -0.4771| 0.0891| 0.0396 | 0.0313| 0.0311| 0.0226 | -0.0218| 0.0184 0.0350 0.1024 0.0593

2—-3| Ay | -0.2399| 0.0570| 0.0291 | 0.0259| 0.0303| 0.0318 | -0.0264| 0.0098 0.0419 0.0690 | 0.0669
Ay | -0.0631| 0.0261| 0.0116 | 0.0171| 0.0129| 0.0106 | -0.0098 || 0.0050 0.0319 0.0333 | 0.0376

Ao | -0.3722| 0.0638| 0.0264 | 0.0232| 0.0243| 0.0006 | 0.0030 || 0.0156 0.0081 0.0728 | 0.0302
3—4 | Ny |-0.1622| 0.0324| 0.0107 | 0.0114| 0.0200| 0.0062 | -0.0069| 0.0024 0.0196 0.0360 | 0.0296
Ay | -0.0053| 0.0186| 0.0084 | 0.0103| 0.0035| 0.0030 | -0.0111|| 0.0063 0.0104 0.0360 | 0.0171

Ao | -0.2514| 0.0608| 0.0213 | 0.0160| 0.0062| 0.0007 | -0.0054| 0.0110 0.0093 0.0664 | 0.0166
4—5 1| Ny | -0.0854| 0.0266| 0.0103 | 0.0089 | 0.0083| 0.0004 | 0.0010 | 0.0005 0.0065 0.0299 | 0.0106
Ay | -0.0060| 0.0150| 0.0054 | 0.0062| 0.0033| 0.0008 | 0.0013 || 0.0063 0.0036 0.0171 | 0.0081

Ao | -0.2853| 0.0483| 0.0185 | 0.0099 | 0.0035| 0.0039 | -0.0038| 0.0058 0.0106 0.0526 | 0.0137
5—7| Mgy | -0.0669| 0.0206| 0.0088 | 0.0057 | 0.0030| 0.0022 | -0.0002| 0.0009 0.0033 0.0262 | 0.0050
Ay | -0.0274| 0.0117| 0.0042 | 0.0031| 0.0018| 0.0030 | 0.0002 || 0.0036 0.0002 0.0128 | 0.0050

Ao | -0.2551| 0.0586| 0.0203 | 0.0087 | 0.0048| 0.0044 | 0.0028 || 0.0045 0.0023 0.0626 | 0.0087
7—10 | Agy | -0.0643| 0.0244| 0.0083 | 0.0046 | 0.0018| 0.0016 | 0.0018 || 0.0047 0.0022 0.0262 | 0.0060
Ay | -0.0170| 0.0156| 0.0059 | 0.0022| 0.0015| 0.0021 | 0.0020 || 0.0048 0.0088 0.0169 | 0.0106
Ag | -0.2000| 0.0885| 0.0273 | 0.0155| 0.0146| 0.0041 | 0.0027 || 0.0020 0.0107 0.0939 | 0.0189

10 =15 | Mgy | -0.0501| 0.0378| 0.0112 | 0.0053| 0.0102| 0.0027 | 0.0008 || 0.0016 0.0078 0.0398 | 0.0132
Ay | -0.0445| 0.0286| 0.0110 | 0.0037| 0.0006| 0.0004 | 0.0031 || 0.0029 0.0189 0.0308 | 0.0194
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Table A.2: Measured polarization parameters, statistinars and systematic uncertainties. LL stat are the stati€rrors returned by likelihood

estimators, MC stat are the statistical errors coming fro@ flctuations, SB stat are the statistical errors cominmfbackground subtraction,

SB/Specsys are the background subtraction/unkdyih spectrum related systematic uncertainties, tzs sys atensgic uncertainties coming
from tzs cuts. TrkSys are systematic uncertainties relatéue difference of tracking efficiency between MC and dB&2ontamSys are systematic
uncertainties coming from the remaining polarization/gi) from b. stat sum is the quadratically added statisticalrerhile sys sum is the

quadratically added systematic uncertainty. Resolusty@tematic uncertainty is so small that they are negleétédk y < 3.0.

| Pr(GeV/c) | As | fit | LLstat| MC stat| SB stat| SB sys| Specsys|| tzs sys | TrkSys | BContamSys]| stat sum| sys sum|

Ao | -0.2618| 0.0258| 0.0131 | 0.0069 | 0.0030| 0.0220 | 0.0020 | 0.0079 0.0046 0.0297| 0.0241

2—31| Mgy | -0.1023| 0.0143| 0.0064 | 0.0070| 0.0067| 0.0283 || -0.0030| 0.0054 0.0055 0.0171| 0.0302
Ay | 0.0064 | 0.0089| 0.0042 | 0.0039| 0.0068| 0.0071 || 0.0012 | 0.0050 0.0095 0.0106| 0.0147

Ao | -0.2383| 0.0241| 0.0087 | 0.0083| 0.0080| 0.0032 | 0.0027 | 0.0121 0.0182 0.0270| 0.0236

3—4 | Ay | -0.0719| 0.0114| 0.0044 | 0.0053| 0.0005| 0.0049 | 0.0007 | 0.0004 0.0009 0.0133| 0.0051
Ay | -0.0128| 0.0091| 0.0038 | 0.0037 | 0.0006| 0.0038 || 0.0012 | 0.0063 0.0092 0.0133| 0.0119

Ao | -0.1554| 0.0282| 0.0096 | 0.0073| 0.0115| 0.0131 | 0.0027 | 0.0120 0.0008 0.0307| 0.0213

4—5| Mgy | -0.0439| 0.0133| 0.0078 | 0.0042| 0.0027| 0.0058 || 0.0029 | 0.0028 0.0041 0.0160| 0.0086
Ay | 0.0018 | 0.0098| 0.0036 | 0.0034| 0.0015| 0.0016 || 0.0019 | 0.0068 0.0089 0.0110| 0.0116

Ao | -0.1596| 0.0269| 0.0115 | 0.0064 | 0.0108| 0.0005 | 0.0036 | 0.0048 0.0058 0.0299| 0.0137

5—1T1 Mgy | -0.0197| 0.0127| 0.0049 | 0.0028 | 0.0040| 0.0016 || 0.0019 | 0.0028 0.0000 0.0194| 0.0055
Ay | 0.0044 | 0.0091| 0.0029 | 0.0022| 0.0001| 0.0023 || 0.0012 | 0.0040 0.0048 0.0098| 0.0068

Ao | -0.1357| 0.0390| 0.0131 | 0.0065| 0.0035| 0.0019 | 0.0018 | 0.0021 0.0010 0.0417| 0.0050

7—10 | Agy | -0.0220| 0.0177| 0.0070 | 0.0037 | 0.0010| 0.0023 || 0.0015 | 0.0032 0.0008 0.0194| 0.0044
Ay | -0.0042| 0.0137| 0.0051 | 0.0019| 0.0005| 0.0017 || 0.0013 | 0.0030 0.0083 0.0147| 0.0091

Ao 0.0348 | 0.0755| 0.0284 | 0.0132| 0.0162| 0.0080 || -0.0041| 0.0030 0.0203 0.0817| 0.0276

10 =15 | Mgy | -0.0396| 0.0327| 0.0110 | 0.0050| 0.0031| 0.0015 || 0.0032 | 0.0075 0.0080 0.0349| 0.0120
Ay | -0.0185| 0.0279| 0.0089 | 0.0034| 0.0047| 0.0006 || 0.0025 | 0.0010 0.0050 0.0295| 0.0074
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Table A.3: Measured polarization parameters, statisioars and systematic uncertainties. LL stat are the stati®rrors returned by likelihood

estimators, MC stat are the statistical errors coming fro@ flctuations, SB stat are the statistical errors cominpnfbackground subtraction,

SB/Specsys are the background subtraction/unkdy spectrum related systematic uncertainties, tzs sys atensgic uncertainties coming
from tzs cuts. TrkSys are systematic uncertainties relatduk difference of tracking efficiency between MC and d&2ontamSys are systematic
uncertainties coming from the remaining polarizationJgi) from b. stat sum is the quadratically added statisticalrerhile sys sum is the

quadratically added systematic uncertainty. Resolusty@tematic uncertainty is so small that they are negle6téd y < 3.5.

| Pr(GeV/c) | As | fit | LLstat| MC stat| SB stat| SB sys| Specsys|| tzs sys | TrkSys | BContamSys| stat sum| sys sum|

Ag | -0.2310| 0.0171| 0.0078 | 0.0073| 0.0001| 0.0226 | 0.0043 | 0.0114 0.0171 0.0202| 0.0309

2—-3 | Agp | -0.0745| 0.0095| 0.0041 | 0.0058| 0.0003| 0.0318 || -0.0001| 0.0028 0.0012 0.0118| 0.0319
Ay | 0.0055 | 0.0078| 0.0039 | 0.0036| 0.0016| 0.0106 || -0.0004| 0.0042 0.0068 0.0094| 0.0134

Ao | -0.1757| 0.0185| 0.0085 | 0.0060 | 0.0063| 0.0006 | 0.0052 | 0.0124 0.0083 0.0212| 0.0170

3—4 | Ngy | -0.0441| 0.0099| 0.0041 | 0.0030| 0.0032| 0.0062 | 0.0022 | 0.0020 0.0036 0.0111| 0.0084
Ay | 0.0111| 0.0092| 0.0046 | 0.0028 | 0.0027| 0.0030 || 0.0008 | 0.0056 0.0063 0.0111| 0.0094

Ao | -0.1273| 0.0233| 0.0087 | 0.0060 | 0.0032| 0.0007 || 0.0029 | 0.0147 0.0145 0.0256| 0.0211

4—5 1| Ny |-0.0287| 0.0132| 0.0047 | 0.0038| 0.0043| 0.0004 | 0.0034 | 0.0008 0.0037 0.0145| 0.0067
Ay | 0.0058 | 0.0107| 0.0040 | 0.0027| 0.0055| 0.0008 || -0.0002| 0.0042 0.0094 0.0118| 0.0117

Ao | -0.0948| 0.0248| 0.0101 | 0.0048| 0.0041| 0.0039 | 0.0017 | 0.0081 0.0056 0.0272| 0.0115

5—7| Mgy |-0.0116| 0.0137| 0.0048 | 0.0028 | 0.0024| 0.0022 || 0.0014 | 0.0062 0.0095 0.0219| 0.0119
Ay | -0.0130| 0.0105| 0.0041 | 0.0016| 0.0024| 0.0030 || 0.0005 | 0.0041 0.0107 0.0113| 0.0121

Ag | -0.1191| 0.0390| 0.0130 | 0.0079| 0.0015| 0.0044 || -0.0010| 0.0106 0.0056 0.0419| 0.0128

7—10 | Mgy | -0.0151| 0.0204| 0.0067 | 0.0044 | 0.0003| 0.0016 || 0.0010 | 0.0040 0.0043 0.0219| 0.0062
Ay | -0.0069| 0.0159| 0.0077 | 0.0015| 0.0020| 0.0021 || 0.0014 | 0.0043 0.0062 0.0178| 0.0082

Ag | -0.1081| 0.0790| 0.0235 | 0.0160| 0.0062| 0.0041 | 0.0000 | 0.0009 0.0473 0.0840| 0.0479

10 =15 | Mgy | 0.0307 | 0.0378| 0.0142 | 0.0067| 0.0046| 0.0027 || 0.0015 | 0.0023 0.0037 0.0409| 0.0070
Ay | -0.0506| 0.0330| 0.0106 | 0.0045| 0.0008| 0.0004 || 0.0010 | 0.0006 0.0076 0.0349| 0.0077
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Table A.4: Measured polarization parameters, statistinars and systematic uncertainties. LL stat are the stati®rrors returned by likelihood

estimators, MC stat are the statistical errors coming fro@ flctuations, SB stat are the statistical errors cominmfbackground subtraction,

SB/Specsys are the background subtraction/unkdyih spectrum related systematic uncertainties, tzs sys atensgic uncertainties coming
from tzs cuts. TrkSys are systematic uncertainties relatéue difference of tracking efficiency between MC and dB&2ontamSys are systematic
uncertainties coming from the remaining polarization/gi) from b. stat sum is the quadratically added statisticalrerhile sys sum is the

quadratically added systematic uncertainty. Resolusty@tematic uncertainty is so small that they are negleétédk y < 4.0.

| Pr(GeV/c) | As | fit | LLstat| MC stat| SB stat| SB sys| Specsys|| tzs sys | TrkSys | BContamSys]| stat sum| sys sum|

Ao | -0.1798| 0.0188| 0.0081 | 0.0072| 0.0067| 0.0332 | 0.0034 | 0.0138 0.0045 0.0217| 0.0370

2—31| Mgy | -0.0458| 0.0114| 0.0056 | 0.0045| 0.0038| 0.0397 || -0.0005| 0.0017 0.0007 0.0135| 0.0399
Ay | 0.0353 | 0.0097| 0.0030 | 0.0030| 0.0039| 0.0080 || 0.0003 | 0.0030 0.0042 0.0105| 0.0103

Ag | -0.1014| 0.0221| 0.0071 | 0.0080| 0.0088| 0.0021 | 0.0059 | 0.0138 0.0182 0.0246| 0.0253

3—4 1| Ay | 0.0084| 0.0124| 0.0041 | 0.0029| 0.0036| 0.0083 | 0.0007 | 0.0012 0.0002 0.0134| 0.0091
Ay | 0.0098 | 0.0120| 0.0040 | 0.0032| 0.0014| 0.0005 || -0.0009| 0.0063 0.0073 0.0134| 0.0098

Ao | -0.0835| 0.0279| 0.0103 | 0.0070| 0.0045| 0.0004 | 0.0019 | 0.0177 0.0085 0.0306| 0.0202

4—5| Mgy | 0.0123 | 0.0172| 0.0065 | 0.0036 | 0.0036| 0.0016 || 0.0014 | 0.0035 0.0044 0.0187| 0.0070
Ay | 0.0008 | 0.0143| 0.0035 | 0.0029| 0.0019| 0.0021 || -0.0002| 0.0041 0.0059 0.0150| 0.0077

Ao | -0.1251| 0.0287| 0.0080 | 0.0061 | 0.0085| 0.0001 | 0.0002 | 0.0120 0.0115 0.0304| 0.0187

5—T71 Mgy | 0.0306 | 0.0179| 0.0055 | 0.0030| 0.0001| 0.0012 || 0.0004 | 0.0053 0.0025 0.0298| 0.0060
Ay | 0.0010 | 0.0137| 0.0055 | 0.0023| 0.0019| 0.0024 || -0.0003| 0.0038 0.0025 0.0150| 0.0054

Ag | -0.0553| 0.0507| 0.0170 | 0.0100| 0.0042| 0.0109 | 0.0011 | 0.0070 0.0187 0.0544| 0.0232

7—10 | Agy | 0.0214| 0.0281| 0.0088 | 0.0043 | 0.0024| 0.0009 || 0.0012 | 0.0039 0.0095 0.0298| 0.0107
Ay | 0.0413| 0.0215| 0.0061 | 0.0019| 0.0018| 0.0001 || 0.0002 | 0.0017 0.0041 0.0225| 0.0048

Ao | -0.0743| 0.1047| 0.0335| 0.0202| 0.0461| 0.0280 || -0.0010| 0.0059 0.0006 0.1118| 0.0543

10 =15 | Mgy | 0.0295| 0.0532| 0.0182 | 0.0089 | 0.0123| 0.0079 || 0.0010 | 0.0054 0.0151 0.0570| 0.0217
Ay | -0.0725| 0.0455| 0.0143 | 0.0052| 0.0045| 0.0057 || -0.0009| 0.0034 0.0203 0.0479| 0.0219
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Table A.5: Measured polarization parameters, statisioars and systematic uncertainties. LL stat are the statigrrors returned by likelihood

estimators, MC stat are the statistical errors coming fro@ flctuations, SB stat are the statistical errors cominpnfbackground subtraction,

SB/Specsys are the background subtraction/unkdy spectrum related systematic uncertainties, tzs sys atensgic uncertainties coming
from tzs cuts. TrkSys are systematic uncertainties relatduk difference of tracking efficiency between MC and d&2ontamSys are systematic
uncertainties coming from the remaining polarizationJgi) from b. stat sum is the quadratically added statisticalrerhile sys sum is the

quadratically added systematic uncertainty. Resolusty@mtematic uncertainty is so small that they are negledtéd y < 4.5.

| Pr(GeV/c) | As | fit | LLstat| MC stat| SB stat| SB sys| Specsys|| tzs sys | TrkSys | BContamSys| stat sum| sys sum|

Ag | -0.1184| 0.0301| 0.0114 | 0.0116| 0.0013| 0.0130 | 0.0030 | 0.0139 0.0135 0.0342| 0.0236

2—-3| Ay | 0.0284| 0.0221| 0.0097 | 0.0089| 0.0111| 0.0085 || -0.0008| 0.0004 0.0007 0.0257| 0.0140
Ay | 0.0557 | 0.0184| 0.0074 | 0.0048| 0.0041| 0.0473 || -0.0004 | 0.0034 0.0098 0.0204| 0.0486

Ao | -0.1219| 0.0374| 0.0117 | 0.0080| 0.0262| 0.0141 || 0.0012 | 0.0107 0.0054 0.0400| 0.0321

3—4 | XNy | 0.0720| 0.0219| 0.0075 | 0.0056 | 0.0049| 0.0013 | 0.0006 | 0.0034 0.0003 0.0238| 0.0061
Ay | 0.0047 | 0.0254| 0.0081 | 0.0050| 0.0038| 0.0048 || 0.0016 | 0.0011 0.0067 0.0238| 0.0093

Ao | -0.1217| 0.0474| 0.0146 | 0.0097 | 0.0031| 0.0188 | 0.0013 | 0.0086 0.0160 0.0505| 0.0264

4—5 1 Ny | 0.0983| 0.0297| 0.0090 | 0.0054| 0.0001| 0.0057 || 0.0004 | 0.0050 0.0028 0.0315| 0.0081
Ay | -0.0054| 0.0309| 0.0103 | 0.0047| 0.0039| 0.0014 || -0.0002| 0.0011 0.0023 0.0329| 0.0049

Ao | -0.1503| 0.0485| 0.0124 | 0.0083| 0.0008| 0.0140 || 0.0029 | 0.0077 0.0056 0.0507| 0.0172

5—7| Mgy | 0.0535| 0.0324| 0.0091 | 0.0056 | 0.0023| 0.0038 | 0.0007 | 0.0027 0.0055 0.0539| 0.0076
Ay | -0.0124| 0.0287 | 0.0093 | 0.0037| 0.0030| 0.0023 || 0.0005 | 0.0017 0.0012 0.0304| 0.0043

Ao | -0.1753| 0.0804| 0.0217 | 0.0147| 0.0010| 0.0287 | 0.0028 | 0.0074 0.0138 0.0846| 0.0328

7—10 | Agy | 0.0307 | 0.0510| 0.0158 | 0.0075| 0.0074| 0.0062 || 0.0003 | 0.0019 0.0143 0.0539| 0.0173
Ay | -0.0101| 0.0417| 0.0127 | 0.0048 | 0.0049| 0.0014 || -0.0001| 0.0055 0.0100 0.0439| 0.0125

Ao | -0.1372| 0.1928| 0.0382 | 0.0357 | 0.0047| 0.0282 || -0.0000| 0.0062 0.0186 0.1997| 0.0347

10 =15 | Mgy | 0.1055| 0.1041| 0.0291 | 0.0154| 0.0537| 0.0069 || 0.0000 | 0.0041 0.0255 0.1092| 0.0600
Ay | -0.0192| 0.0870| 0.0201 | 0.0080| 0.0125| 0.0006 || 0.0000 | 0.0044 0.0056 0.0897| 0.0144
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Cross section results

Bl 2.0<y<25

121



Table B.1: Cross section results for promft) , with the statistical, systematic and polarization
uncertainties, fo2 < y < 2.5.

20<y <25

pr (GeVie) 2-3 3—4 4-5 5-6 6—7 7-38 8—-9

p; d; (nb/(GeVk)) 927.374 | 656.824 | 360.736 | 202.173 | 98.4558 | 53.5148| 32.3596
yapr

Stat. errors (nb/(GeV) | 15.3944 | 9.12986 | 4.97816 | 3.05282 | 1.80174 | 1.19873| 0.876946
Pol. errors (nb/(GeVy)) | 196.143 | 100.271 | 43.4842 | 21.6113 | 9.54711 | 5.16918| 3.05954
Sys. errors (nb/(GeV)) | 88.0273 | 64.4692 | 35.7748 | 20.5094 | 10.1534 | 5.30715| 3.20916

| pr (GeVik) | 9-10 | 10—11 | 11-12 | 12—13 | 13—-14 | 1415 |
ddd” (nb/(GeVE)) 15.9115 | 10.2733 | 6.33714 | 4.00589 | 2.42609 | 0
lydpr

Stat. errors (nb/(GeVy) | 0.706472| 0.577361| 0.417617| 0.366139| 0 0
Pol. errors (nb/(GeV)) | 1.40691 | 1.11797 | 0.649724| 0.379767| 0.215668| O
Sys. errors (nb/(GeV)) | 1.57797 | 1.01882 | 0.628464| 0.397271| 0.240599| 0

Table B.2: Cross section results f@fvy) from b, with the statistical and systematic uncertainties,
for2 <y < 2.5.

20<y <25
pr (GeVi) 0-1 1-2 2-3 3-4 4-5 5—6 6-7 7-8
dg;gy (nb/(GeV/c)) 106.6 155.9 1509  104.5 66.6 42.9 26.2 16.0
stat. error (nb/(GeV)) 22.7 114 6.4 3.8 2.3 1.5 1.0 0.7
cor. syst. error (nb/(GeV)) 14.7 21.5  20.9 14.5 9.2 5.9 3.6 2.2
uncor. syst. error (nb/(GeW)) 22.1  29.5 13.5 5.9 3.4 2.2 1.4 0.8
total error (nb) 349 382  25.7 16.1 10.1 6.5 4.0 2.5
| pr (GeVik) 8—9 9-10 10—-11 11-12 12-13 13—-14 14-15
% (nb/(GeV/c)) 10.1 6.5 4.4 3.3 1.9 1.2
stat. error (nb/(Ge\4) 0.6 0.4 0.3 0.3 0.2 0.2
cor. syst. error (nb/(GeVy)) 1.4 0.9 0.6 0.5 0.3 0.2
uncor. syst. error (nb/(Gew)) 0.3 0.2 0.1 0.1 0.1 0.0
total error (nb/(GeW)) 1.5 1.0 0.7 0.5 0.3 0.3
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Table B.3: Cross section results for promjit) , with the statistical, systematic and polarization
uncertainties, foR.5 < y < 3.

25 <y <30

pr (GeVic) 2-3 3-4 4-5 5-6 6-7 7-8 8—9
d

d; (nb/(GeVE)) 1052.65 | 638.443 | 351.94 | 188.069 | 94.4364 | 51.0606 | 26.5302
ydpr

Stat. errors (nb/(GeV)) | 7.8949 | 5.0437 | 2.99149 | 1.99353 | 1.31267 | 0.929303| 0.623459
Pol. errors (nb/(GeV)) | 88.4222 | 46.0365 | 23.8504 | 11.4596 | 5.31234 | 3.18367 | 1.53608
Sys. errors (nb/(GeV)) | 99.3016 | 60.8835 | 34.0109 | 18.6511 | 9.4691 | 5.31104 | 2.59549

| pr (GeVik) | 9-10 | 10—11 | 11-12 | 12—13 | 13—-14 | 1415 | |
d

y ;p (nb/(GeVE)) 15.4619 | 10.5301 | 5.70276 | 3.49345 | 2.00366 0
ydpr

Stat. errors (nb/(GeV) | 0.623115| 0.542301| 0.380374| 0.262008 0 0

Pol. errors (nb/(GeV)) | 0.833551| 0.865986| 0.452608( 0.261797| 0.138922| 0

Sys. errors (nb/(GeVj) | 1.51266 | 1.03018 | 0.55791 | 0.341769| 0.196021| 0

B2 256<y<3

Table B.4: Cross section results f@fvy) from b, with the statistical and systematic uncertainties,

for2.5 <y < 3.
2.5 <y <30
pr (GeVi) 0-1 1-2 2-3 3-4 4-5 5—-6 6—-7 7-8
dﬁ—”@ (nb/(GeV/c)) 75.3 1474 139.9 98.3 57.0 35.3 22.1 12.1
stat. error (nb/(Ge\)) 4.0 3.8 3.0 2.1 1.3 1.0 0.7 0.5
cor. syst. error (nb/(GeVy)) 104 204 19.3 13.6 7.9 4.9 3.0 1.7
uncor. syst. error (nb/(Gey)) 11.8 3.9 2.8 2.5 1.7 1.3 0.9 0.6
total error (nb/(GeW)) 16.3  21.1 19.8 14.0 8.2 5.1 3.2 1.8
| pr (GeVie) 8§—-9 9-10 10—-11 11-12 12—-13 13—-14 14-15
iLe. (nb/(GeV/c)) 82 52 3.2 2.2 1.6 0.9
stat. error (nb/(GeV)) 0.4 0.3 0.2 0.2 0.2 0.1
cor. syst. error (nb/(GeV)) 1.1 0.7 04 0.3 0.2 0.1
uncor. syst. error (nb/(Gew)) 0.1 0.1 0.0 0.0 0.0 0.0
total error (nb) 1.2 0.8 0.5 0.4 0.3 0.2
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Table B.5: Cross section results for promjt) , with the statistical, systematic and polarization
uncertainties, foB < y < 3.5.

3.0<y<35

pr (GeVi) 2-3 3-4 4-5 5-6 67 7-8 8—9
ﬁ (nb/(GeVE)) 949.696 | 561.157 | 296.244 | 156.198 | 76.1302 | 40.9116 | 21.7749
ydpr

Stat. errors (nb/(Ge\y) | 5.98308 | 4.15256 | 2.51808 | 1.78066 | 1.13434 | 0.805959| 0.574857
Pol. errors (nb/(GeVy) | 57.0182 | 31.7508 | 15.8407 | 8.39495 | 3.87416 | 2.35049 | 1.19325
Sys. errors (nb/(Ge\y) | 89.5891 | 53.3866 | 28.6286 | 15.2811| 7.60502 | 4.0156 | 2.13727

| pr (GeVi) | 9-10 | 10—-11 | 11-12 | 12—13 | 13—-14 | 14—15 | |
%(nb/(GeVb)) 11.2638 | 6.88602 | 4.05288 | 2.63716 | 1.2832 0
ydpr
Stat. errors (nb/(GeV)) | 0.504617| 0.394569| 0.28208 | 0.295626 0 0
Pol. errors (nb/(GeV)) | 0.57973 | 0.520262| 0.260476| 0.196074| 0.0951032 0
Sys. errors (nb/(GeV) | 1.10557 | 0.675883| 0.397802| 0.258845| 0.12595 0

B3 3<y<3.5

Table B.6: Cross section results f@fvy) from b, with the statistical and systematic uncertainties,
for3 <y < 3.5.

30<y<35
pr (GeVi) 0-1 1-2 2-3 3-4 4-5 5—6 6-7 7-8
dg;gy (nb/(GeV/c)) 60.4 1225 1127  75.3 43.7 26.1 14.9 9.6
stat. error (nb/(GeV)) 2.3 2.6 2.2 1.6 1.1 0.8 0.6 0.4
cor. syst. error (nb/(GeV)) 8.4 16.9 15.6 10.4 6.0 3.6 2.1 1.3
uncor. syst. error (nb/(Ge¥)) 3.7 2.4 2.0 1.7 1.2 0.8 0.6 0.3
total error (nb) 9.4 17.3 15.9 10.7 6.3 3.8 2.2 1.4
| pr (GeVik) 8—9 9-10 10—-11 11-12 12-13 13—-14 14-15
Lo (nb/(GeV/c)) 53 34 2.0 1.5 0.9 0.6
stat. error (nb/(Ge\4) 0.3 0.2 0.2 0.2 0.1 0.1
cor. syst. error (nb/(GeVy)) 0.7 0.5 0.3 0.2 0.1 0.1
uncor. syst. error (nb/(Gew)) 0.0 0.0 0.0 0.0 0.0 0.0
total error (nb/(GeW)) 0.8 0.5 0.3 0.3 0.2 0.1
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Table B.7: Cross section results for promjit) , with the statistical, systematic and polarization
uncertainties, foB.5 < y < 4.

35 <y <40
pr (GeVic) 2-3 3-4 4-5 5-6 6-7 | 7-8 8—9
d
d; (nb/(GeVE)) 781.492 | 453.059 | 228.024 | 111.066 | 56.298 | 26.7951 | 14.2502
ydpr
Stat. errors (nb/(GeV)) | 5.47045 | 3.66978 | 2.39425 | 1.49939 | 1.02462| 0.661839| 0.464557
Pol. errors (nb/(GeV)) | 48.3711 | 28.0369 | 15.1677 | 6.6183 | 3.14903| 1.79771 | 0.883083
Sys. errors (nb/(GeV)) | 74.525 | 43.783 | 22.2367 | 11.3124 | 5.52581| 2.63002 | 1.3987
| pr (GeVik) | 9-10 | 10—11 | 11-12 | 12—13 [13—-14| 14—-15 | |
d
y ;p (nb/(GeVE)) 8.17068 | 4.67649 | 2.79174 | 1.14429 0 0
ydpr
Stat. errors (nb/(GeV) | 0.474716| 0.357752| 0.317142 0 0 0
Pol. errors (nb/(GeV)) | 0.490303| 0.349213| 0.227571| 0.0804964/ 0 0
Sys. errors (nb/(GeV) | 0.801976| 0.459012| 0.274018| 0.112315| 0 0

B4 35<y<4

Table B.8: Cross section results f@fv from b, with the statistical and systematic uncertainties,

for3.5 <y < 4.
3.5 <y<4.0
pr (GeVie) 0-1 1-2 2-3 3-4 4-5 5—-6 6—-7 7-8
Lo (nb/(GeV/c)) 41.0 815 714 484 27.6 15.6 8.6 5.5
stat. error (nb/(Ge\)) 1.9 2.2 1.9 1.4 1.0 0.7 0.4 0.3
cor. syst. error (nb/(GeVy)) 5.7 11.3 9.9 6.7 3.8 2.2 1.2 0.8
uncor. syst. error (nb/(Ge¥)) 1.5 1.7 1.6 1.3 0.8 0.7 0.3 0.2
total error (nb/(GeW)) 6.2 11.6 10.2 7.0 4.0 2.3 1.3 0.9
| pr (GeVic) 8—9 9-10 10—11 11-12 12—-13 13—-14 14—15
iLe. (nb/(GeV/c)) 32 18 1.2 0.6 0.3
stat. error (nb/(GeV)) 0.3 0.2 0.2 0.1 0.1
cor. syst. error (nb/(GeV)) 0.4 0.2 0.2 0.1 0.0
uncor. syst. error (nb/(Gew)) 0.0 0.0 0.0 0.0 0.0
total error (nb/(GeW)) 0.5 0.3 0.2 0.1 0.1
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Table B.9: Cross section results for promjt) , with the statistical, systematic and polarization

uncertainties, fot < y < 4.5.
40<y<45b
pr (GeVi) 2-3 3—4 4-5 5—6 6-—7 7-8 8-9
d
7 ; (nb/(GeVE)) 587.631 | 303.025 | 159.711| 73.0094| 30.7834 | 15.1902 | 8.13827
ydpr
Stat. errors (nb/(GeV)) | 5.81755 | 4.03024 | 2.66717| 1.62811| 0.963519| 0.624318| 0.445977
Pol. errors (nb/(GeVY)) | 66.185 | 38.8477 | 20.1859| 7.40642| 2.76549 | 1.6475 | 0.851499
Sys. errors (nb/(GeV)) | 57.872 | 30.6191 | 15.5749| 7.11982| 3.00197 | 1.48134 | 0.793638
| pr (GeVi) | 9-10 | 10—-11 | 11-12|12—-13 | 13—-14 | 1415 | |
d
7 (nbl(GeVE)) 3.52674 | 1.73797| 0 0 0 0
dydpr
Stat. errors (nb/(GeV) | 0.355848 0 0 0 0 0
Pol. errors (nb/(GeV)) | 0.36551 | 0.230705 0 0 0 0
Sys. errors (nb/(GeV)) | 0.343925| 0.169486 0 0 0 0

B5 4<y<4.5

Table B.10: Cross section results fbfy) from b, with the statistical and systematic uncertainties,

for4 <y < 4.5.
40<y <45
pr (GeVi) 0-1 1-2 2-3 3-4 4-5 5—-6 6-7 7-8
dii—”@ (nb/(GeV/c)) 224 524 423 27.8 15.0 9.0 5.2 2.8
stat. error (nb/(Ge\)) 1.7 2.2 1.9 1.4 1.0 0.7 0.5 0.3
cor. syst. error (nb/(GeVy)) 3.1 7.2 5.8 3.8 2.1 1.2 0.7 0.4
uncor. syst. error (nb/(Ge¥)) 1.4 1.8 1.6 1.2 0.6 0.3 0.2 0.1
total error (nb/(GeW)) 3.8 7.8 6.4 4.3 2.4 1.5 0.9 0.5
| pr (GeVie) 8§—-9 9-10 10-11 11-12 12—-13 13—-14 14-15
Lo (nb/(GeV/c)) 15 0.8 0.5
stat. error (nb/(GeV)) 0.2 0.2 0.1
cor. syst. error (nb/(GeV)) 0.2 0.1 0.1
uncor. syst. error (nb/(Gew)) 0.1 0.0 0.0
total error (nb/(GeW)) 0.3 0.2 0.1
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Appendix C

The sPlot technique

C.1 The sPlot formalism

The sPIot[[76] is a statistical technique derived directlynf the Maximum likelihood method
and extended to the case in which different sources give tilbotion to the data sample to be
analysed.

The events will be characterized by a certain number of bleg that can be divided in two
categories: discriminant variables and control variabldse first category contains the variables
whose distributions are known for all the sources that doutie to the data sample. Variables
belonging to the second categories have instead unknowrbdisons.

The sPlot technique allows to build the distributions of¢batrol variable independently for each
sources, just starting from the knowledge of the discrimivariables distributions. The technique
rely on the fact that the two sets of variables are completagorrelated.

The procedure is applied as follows. The maximum likelihdodction is built for a dataset
populated by various sources:

N Ns Ng
=S w3 Nt} -> (€1)
e=1 i=1 i=1

whereN is the total number of eventdl; is the number of sources giving contribution to the data
sample,N; is the expected number of events for thih sourcef;(y.) is the probability density
function for the discriminant variablg, for the e event and thé-th source.£ is a function ofNg
yield N;. The function£ is maximized performing a fit to the distributions of the disgnant
variablesy with respect taV;, which is the expected number of events in each source.

A weight (sWeight) is computed in the following way:

. Zi\lil anfj (Ye)

Palye) =
SN Nyt (ye)

(C.2)
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whereV,,; is the covariance matrix calculated by maximizing thiinction. The weightP,, (v.)
is assigned to each event in the dataset and for each souam. tike definition it is possible to
derive the following normalization rules for the sWeights:

N
D Pulye) = No 105 sPalye) = 1 (C.3)
e=1

whereN,, is the expected number of events for th¢h source.

The distribution of the control variablg is built for a particular source weighting each event

with its own weight, P, (v, ). In this way the distributions of each control variable idttfor each

source, knowing just the discriminant variables.

C.2 Signal selection with sPlot

The sPlot can be used in the particular case in which theetdtagopulated by two sources, as in
the present analysis: the signal and the background. Hemighriminant value can be chosen to
be the invariant mass of the muons pairs, relying on the fettits distribution is well known for
both the signal and the background sources.

The M (pu* ™) distribution is fitted a first time as describedinl4.3, usim@rgstal Ball function
for the signal peak and a first order polynomial for the backgd. This first fit provides the
parameters of the functions used to model the signal andatigbound.

A second fit is performed fixing all the parameters but the remdd signal and background
events. This second fit provides the covariance matrix, tsezhlculate the weights for each
event, as defined i (Q.2).

Finally the distributions of interesting variables for #ignal or background events are calculated
for the signal or the background source, weighting eachtevigh its own weight.

A validation of this technique can be obtained by compariregttackground distribution obtained
with the sPlot and the one built from the sideband eventseofihss distribution. In Fidg, 3.1 the
background distribution of the pseudo proper tilp®@btained with the sPlot technique is shown,
compared with one built with the sideband events of the iamaimass distribution. As it can be
seen from the figure the sPlot background is well reprodugatidosideband distribution.
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Figure C.1: Background distribution for the pseudo projret built using the sPlot technique
(black circles) and the events taken from the sidebandseanndariant mass distribution (blue
triangles).

129



130



Bibliography

[1]
[2]

[3]

[4]

[5]

S. Weinberg, “A model of leptons”, Phys. Rev. Let® (1967) 1264.

N. Brambillaet al., “Heavy Quarkonium Physics”, CERN Yellow Report, CERN-Z6ID5,
(2005), arXiv:hep-ph/0412158y2.

D. J. Gross and F. Wilczek, “Ultraviolet Behavior of Nétbelian Gauge Theories”, Phys.
Rev. Lett.30(1973) 1343.

H. D. Politzer, “Reliable Perturbative Results for Stgpinteractions?”, Phys. Rev. Le&0
(1973) 1346.

J. J. Aubertet al., “Experimental Observation of a Heavy Particlg, Phys. Rev. Lett33
1404 (1974).

[6] J. E. Augustinet al., “Discovery of a Narrow Resonance érfe~ Annihilation”, Phys. Rev.

[7]
[8]

9]

[10]

[11]

[12]

[13]

[14]

Lett. 331406 (1974).
M. Gell Mann, “A Schematic Model of Baryons and MesonshyB. Lett.8 (1964) 214.

G. Zweig, “An SU@) Model for Strong Interaction Symmetry and its Breaking” R Re-
port N0.8181/Th 8419.

G. Zweig, “An SU@) Model for Strong Interaction Symmetry and its Breaking: CERN
Report N0.8419/Th 8412.

B. J. Bjorken, S. L. Glashow, “Elementary particles &1d()”, Phys. Lett.11 (1964) 255.

S. L. Glashow, J. lliopoulos, L. Maiani, “Weak Interamts with Lepton-Hadron Symmetr”
Phys. Rev. 2 (1970) 1285.

K. Nakamuraet al., “Particle Data Group”, J. Phys. & (2010) 075021

N. Brambillaet al., “Heavy quarkonium: progress, puzzles, and opportufijtiegr. Phys. J.
C 71, (2011), 1534 arXiv:1010.5827v3.

E.L. Berger, D. Jones, Phys. Rev23(1981) 1521.

131


http://arxiv.org/pdf/hep-ph/0412158v2
http://arxiv.org/pdf/1010.5827v3

[15] R. Baier Riickl, Phys. Lett. B02(1981) 364.

[16] J.F. Amundson, O.J.P. Eboli, E.M. Gregores, F. HalZ?@uantitative Tests of Color Evapo-
ration: Charmonium Production ", Phys. Lett382(1996) 127

[17] G.T.Bodwin, E. Braaten, G.P. Lepage, Phys. Re®1{1995) 1125.
[18] R. Brocket al., “Handbook of perturbative QCD”, Rev. Mod. Ph¥¥ (1995) 157.

[19] G. C. Nayak and J. Smith//+ and«’ Polarizations in Polarized Proton-Proton Collisions
at the RHIC”, Phys. Rev. D3 (2006) 014007, arXiv:hep-ph/0509335v2.

[20] CDF collaboration, F. Abet al. “.J/¢ and(2S) production inpp collisions at\/s = 1.8
TeV”, Phys. Rev. Lett79 (1997) 572.

[21] The CDF Collaboration, T. Affoldeet al. “Measurement of/ /¢ and(2S) polarization in
pp collisions at,/s = 1.8 TeV”, Phys. Rev. Lett85 (2000) 2886.

[22] The CDF Collaboration, T. Affoldest al. “Polarization of.J /vy and(2S) mesons produced
in pp collisions aty/s = 1.96 TeV”, Phys. Rev. Lett99 (2007) 132001.

[23] I. Abt et al. HERA-B Collaboration, “Kinematic distributions and nuateeffects of
J /1 production in920 GeV fixed-target proton-nucleus collisions”, Eur. Phy€ 80(2009)
517.

[24] L. Evans and P. Bryant, “LHC Machine”, JINST 3 (2008) 80&.

[25] ALICE Collaboration, K. Aamodet al., “The Alice Experiment At The Cern LHC”, JINST
3 (2008) S08002.

[26] ATLAS Collaboration, G. Aackt al., “The ATLAS Experiment At The Cern Large Hadron
Collider”, JINST 3 (2008) S08003.

[27] CMS Collaboration, R. Adolphét al., “The CMS Experiment At The Cern LHC”, JINST 3
(2008) S08004.

[28] LHCb Collaboration, A. A. Alvest al., “The LHCb Detector At The LHC”, JINST 3 (2008)
S08005.

[29] BABAR Collaboration, B. Aubertt al., “Observation ofCP Violation in theB Meson Sys-
tem”, Phys. Rev. Lett37 (2001) 091801.

[30] Belle Collaboration, K. Abeet al., “Observation of LargeCP Violation in the NeutralB
Meson System”, Phys. Rev. Le87 (2001) 091802.

132


http://arxiv.org/pdf/hep-ph/0509335v2

[31] LHCb Collaboration, A. Barboset al., “LHCb Vertex Locator Technical Design Report”,
CERN-LHCC 2001-011.

[32] LHCb Collaboration, S. Amatet al., “LHCb Magnet Technical Design Report”, CERN-
LHCC 2000-007.

[33] LHCb Collaboration, A. Barbosat al., “LHCb Inner Tracker Technical Design Report”,
CERN-LHCC 2002-029.

[34] LHCb Collaboration, A. Barbosat al., “LHCb Outer Tracker Technical Design Report”,
CERN-LHCC 2001-024.

[35] LHCb Collaboration, S. Amatet al., “LHCb RICH Technical Design Report”, CERN-
LHCC 2000-037.

[36] LHCb Collaboration, S. Amatet al., “LHCb Calorimeter Technical Design Report”, CERN-
LHCC 2000-036.

[37] LHCb Collaboration, “LHCb Muon System Technical DasiBeport”, CERN-LHCC 2001-
010.

[38] LHCb Collaboration, A. Barboset al., “LHCb Addendum to the Muon System Technical
Design Report”, CERN-LHCC 2003-002.

[39] LHCb Collaboration, “LHCb Trigger System Technical $fgn Report”’, CERN-LHCC
2003-031

[40] GAUSS home page,
http://1 hcb-rel ease-area. web. cern. ch/ LHCb-r el ease- ar ea/ DOC/ gauss/ .

[41] T. Sjostrand, S. Mrenna and P. Z. SkandsytRIA 6.4 Physics and Manual”, JHEF505
(2006) 026, version 6.422, arXiv:hep-ph/0603175.

[42] D. J. Lange, “The EvtGen particle decay simulation @K, Nucl. Instrum. Meth. A62
(2001) 152.

[43] The GEANT4 Collaboration, S. Agostinelét al., “Geant4: a simulation toolkit”, Nucl.
Instrum. Meth. A506(2003) 250, version 9.2.

[44] BOOLE home page,
http://1 hcb-rel ease-area. web. cern. ch/ LHCb-r el ease- ar ea/ DOC/ bool e/ .

[45] BRUNEL home page,
http://1 hcb-rel ease-area. web. cern. ch/ LHCb-r el ease- ar ea/ DOC/ br unel /.

133


http://arxiv.org/abs/hep-ph/0603175

[46] DAVINCI home page,

http://1 hcb-rel ease-area. web. cern. ch/ LHCb-r el ease- ar ea/ DOC/ davi nci / .
[47] ROOT System home pagt, t p: //root. cern.ch/.

[48] M. Krasowski, M. Kucharczyk, W. Manner, G. Polok, M. \&k, “Primary vertex reconstruc-
tion”, CERN-LHCb-2007-011.

[49] X. Cid Vidal, “Muon Identification in the LHCb experiméharXiv:1005.2585v1.

[50] M. Anelli et al., “Performance of the LHCb muon system with cosmic rays”ndtrum.5
(2010) P10003.

[51] G. Graziani, R. Santacesaria, A. Satta, “Study of theCbHViuon Detector performance
using 2010 beam data”, LHCb-PUB-2011-027.

[52] CDF Collaboration, D. Acostet al, Measurement of thd/«) Meson and-Hadron Produc-
tion Cross Sections ipp Collisions at,/s = 1960 GeV, Phys. Rev. 1 (2005) 032001.

[53] K. Gottfried and J. D. Jackson, “On the connection bemv@roduction mechanism and
decay of resonances at high energy”, Nuovo Cim&¢1964) 309

[54] J. C. Callins and D. E. Soper, “Angular distribution alieghtons in high-energy hadron colli-
sions”, Phys. Rev. 16 (1977) 2219

[55] P. Faccioli, C. Lourenco, J. Seixas and H. K. Wohri, “Bods the experimental clarification
of quarkonium polarization ”, Eur. Phys. J.69 (2010) 657

[56] P. Faccioli, C. Lourenco, J. Seixas, “Rotation-ingatirelations in vector meson decays into
fermion pairs”, (2010) arXiv:1005.2601v1.

[57] P. Golonka and Z. Was, “PHOTOS Monte Carlo: a precisml for QED corrections in Z
and W decays”, Eur. Phys J.45 (2006) 97 arXiv:hep-ph/0506026

[58] F. James, “Determining the statistical significancexjberimental results”, CERN-DD-81-
02 (1981).

[59] F. James and M. Winkler, http://www.cern.ch/minuit.

[60] The PHENIX Collaboration, A. Adarest al. “Transverse momentum dependence of
J/ polarization at midrapidity irpp collisions at\/s = 200 GeV”, Phys. Rev. D82,
012001 (2010).

[61] The Alice Collaboration, B. Abeleet al. “.J/¢ polarization inpp collisions at\/s = 7
TeV”, (2011) arXiv:1111.1630v1.

134


http://arxiv.org/pdf/1005.2585v1
http://arxiv.org/pdf/1005.2601v1
http://arxiv.org/abs/hep-ph/0506026
http://www.cern.ch/minuit
http://arxiv.org/pdf/1111.1630v1

[62] E. van Herwijnen, “The LHCb trigger”, LHCb-PROC-2013E.

[63] The LHCb Collaboration, R. Aaigt al. “Measurement of the//+) production cross-section
in LHCb”, Eur. Phys. J. @1(2011) 1645

[64] M. Ferro-Luzzi, “Proposal for an absolute luminositgteérmination in colliding beam exper-
iments using vertex detection of beam-gas interactionsitINnstrum. and Methods B53
(2005) 388.

[65] The LHCb Collaboration, R. Aagt al., “PromptKg production inpp collisions at,/s = 0.9
TeV”, CERN-PH-EP-2010-027, Phys. Lett. B. 693 (2010) 6Xiad 008.3105 [hep-eX].

[66] Van der Meer, “Calibration of the Effective Beam Heighthe ISR”, internal CERN report,
ISR-PO/68-31 (1968).

[67] The LHCb Collaboration, R. Aait al. “Absolute luminosity measurements with the LHCb
detector at the LHC” arXiv:1110.2866v1 [hep-gX].

[68] The DELPHI Collaboration, P. Abreet al., “.J/¢) production in the hadronic decays of the
7", Phys. Lett.B341(1994) 109.

[69] The L3 Collaboration, O. Adriarst al., “x. production in hadroni& decays”, Phys. Lett.
B317(1993) 467.

[70] The ALEPH Collaboration, D. Buskuliet al., “Measurements of mean lifetime and branch-
ing fractions ofb hadrons decaying td/v> ", Phys. Lett.B295(1992) 396.

[71] Heavy Flavour Averaging Group (HFAG), http://www.slatanford.edu/xorg/hfag/.

[72] The CDF Collaboration, T. Aaltonest al., “Measurement of Ratios of Fragmentation Frac-
tions for Bottom Hadrons ipp Collisions at\/s = 1.96 TeV”, Phys. Rev. D77 (2008)
072003 arXiv:0801.4375 [hep-eX].

[73] The LHCb Collaboration, R. Aait al., “Measurement of(pp — bbX) at\/s = 7 TeVin
the forward region”, Phys. Lett. B894 (2010) 209, arXiv:1009.2731 [hep-eX].

[74] M. Cacciari, M. Greco, P. Nason, “Thg Spectrum in Heavy-Flavour Hadroproduction”, J.
High Energy Physic8805(1998) 007, arXiv:hep-ph/9803400v1.

[75] M. Cacciari, M. Greco, P. Nason, “The- Spectrum in Heavy-Flavour Hadroproduction”, J.
High Energy Physic§103(2001) 006, arXiv:hep-ph/0102134v1.

[76] M. Pivk, F. R. Le Diberder, “sPlot: a statistical tooluafold data distributions”, Nucl. Instr.
Meth. A555(2005), 356.

135


http://cdsweb.cern.ch/record/1307519?ln=en
http://arxiv.org/abs/arXiv:1008.3105
http://arxiv.org/pdf/1110.2866v1
http://www.slac.stanford.edu/xorg/hfag/
http://arxiv.org/abs/arXiv:0801.4375
http://arxiv.org/abs/arXiv:1009.2731
http://arxiv.org/pdf/hep-ph/9803400v1
http://arxiv.org/pdf/hep-ph/0102134v1

