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Abstract

The production of J/ψ pairs in pp collisions at a centre of mass energy of
√
s = 7 TeV was

studied using the LHCb detector. The cross section was measured in the region of J/ψ

transverse momentum pT ∈ [0;10] GeV/c and rapidity y ∈ [2.0;4.2] using an integrated

luminosity of 998 pb−1 to be 6.08 ± 0.40 (stat) ± 0.29 (syst) nb. The differential cross

section was measured as a function of the J/ψ pair transverse momentum, the total mass

of the J/ψ pair, the difference in rapidity of the J/ψ pair and the difference in azimuthal

angle between the J/ψ pair.
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Introduction

The production of heavy quark-antiquark bound states has been an intriguing area of

study for over forty years. Whilst theoretical models of production of such ‘quarkonia’

states appeared soon after their discovery, the models are still unable to fully describe

all of the experimental data.

The J/ψ particle, a bound state of a charm and anti-charm quark, was the first quarko-

nia resonance to be discovered [1] [2]. A number of theoretical models of production

soon followed, including the Colour Singlet (CS) model, which was initially successfully

applied at relatively low energies [3]. However, studies of J/ψ production at the Teva-

tron demonstrated that the CS model underestimated the measured cross-section by

over two orders of magnitude [4]. Recent theoretical corrections, and new models such

as the non-relativistic QCD (NRQCD) effective field theory, have closed the gap between

prediction and experiment, but no theory can correctly describe both the pT differential

cross section and the polarisation distributions [5].

The errors on the existing experimental data are already smaller than on the corre-

sponding theoretical models, therefore more diverse sources of experimental data are

required, rather than higher precision measurements [6]. It is therefore instructive to

study interactions where two quarkonia are produced in the same interaction, such as

the production of two J/ψ . Additionally, double charmonium production offers insights

into events where two hard scatterings occur, know as Double Parton Scattering (DPS),

which are expected to be significant, and therefore important to understand, at the

Large Hadron Collider (LHC) [7] [8].
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Introduction 3

Double J/ψ production was first observed in 1982 by the NA3 collaboration in multi-

muon events in pion-platinum at 150 and 280 GeV [9]. It was measured at a hadron

collider for the first time by the Large Hadron Collider Beauty (LHCb) experiment in

2010 [10]. More recently, Double J/ψ production has also been measured at the CMS

[11] and D0 [12] experiments.

The LHCb experiment [13] is one of the four main experiments at the LHC [14]. It

is designed to make precision measurements of CP violation and is optimised to study

B meson decays, which also makes it ideally suited to exploit the high cc̄ cross-section

at the LHC. The 1 fb−1 of data recorded by the LHCb experiment in 2011 allows the

total cross-section of double J/ψ production to be measured with much greater accuracy

and kinematical distributions investigated, in order to further test theoretical models of

quarkonium production.

Chapter 1 of this thesis presents a review of the existing experimental work and theoret-

ical models of double J/ψ production. A description of the LHC and the LHCb detector

is presented in chapter 2. In chapter 3, a project to optimise the selection of data for

the alignment of the the LHCb Ring Imaging Cherenkov (RICH) detectors is described.

The analysis of double J/ψ production at
√
s = 7 TeV is presented in chapter 4.



Chapter 1

Review of Double J/ψ Production

This chapter will first outline the discovery and properties of the J/ψ particle, in the

context of the Standard Model. The leading theoretical models of production, namely

the Colour Singlet Model, Colour Evaporation Model and the Non Relativistic QCD

model, are examined. Existing double J/ψ experimental results are discussed, as are the

predictions of the leading theoretical models for double J/ψ production. The creation

of double J/ψ by two independent scattering events (Double Parton Scattering) is also

discussed.

1.1 The Standard Model

The Standard Model (SM) of particle physics describes the properties of the fundamental

particles and their interactions with the weak, electromagnetic and strong forces. The

SM framework includes 12 spin-1
2 matter particles (fermions), which can be divided,

according to their interactions, into quarks and leptons. Additionally, for each quark

and lepton, there is a corresponding anti-particle. These particles can be further sub-

divided into three ‘generations’ following the hierarchy in mass; the first generation

consists of the up (u) and down (d) quarks and the electron (e) and electron-neutrino

(νe). The second generation is made up of the charm (c) and strange (s) quarks and

the muon (µ) and mu-neutrino (νµ). The third generation comprises the top (t) and

bottom (b) quarks and the tau (τ) and tau-neutrino (ντ ). Forces are transmitted via

4



Review of Double J/ψ Production 5

the exchange of the force mediators (bosons), which have integer spin. The weak force

is mediated by the exchange of the W± and Z bosons, the electromagnetic force by the

photon and the strong force by the exchange of the gluon. The quarks interact with

all three forces, the charged leptons with the weak and electromagnetic forces, and the

neutral leptons only interact weakly. The SM also includes the Higgs boson, which gives

mass to the fermions and the W± and Z bosons via their interaction with the Higgs

field.

Quantum Chromodynamics (QCD) is the theory of the strong force, which mediates

the interactions between particles that carry the colour charge, namely the quarks and

gluons. Quarks can have ‘red’, ‘green’ and ‘blue’ colour charge with anti-quarks carry-

ing corresponding ‘anti-red’, ‘anti-green’ and ‘anti-blue’. As gluons both couple to and

carry the colour charge, the strong force has the property that its coupling constant,

αs, decreases at higher energies and smaller distance scales. This behaviour, known as

asymptotic freedom, means that at high energies perturbative calculations can be car-

ried out with αs as the parameter of expansion. Conversely, at larger distant scales, the

behaviour of the QCD coupling constant leads to the phenomenon of ‘colour confine-

ment’, whereby colour charged particles cannot be individually isolated, and can only

be observed in colourless aggregated states. In this regime, perturbative calculations

can no longer be carried out.

The production of J/ψ particles consists of both perturbative and non-perturbative

QCD processes, and as such, it is an ideal testing ground for investigating the interplay

between these two regimes.

1.2 J/ψ Discovery and Properties

The J/ψ resonance was discovered in November 1974 simultaneously by Ting et al at

Brookhaven [1] and Richter et al at Stanford [2]. The particle they found was a bound

state of a charm and anti-charm quark. Although the charm quark was previously

predicted by the GIM mechanism [15], this was the first experimental evidence of its

existence. Further discoveries, such as of ψ(2S) [16], began to make it clear that the
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Mode Submode Branching fraction

hadrons 87.7 ± 0.5 %
virtualγ → hadrons 13.5 ± 0.3 %

ggg 64.1 ± 1 %
γ gg 8.8 ± 1.1 %

e+e− 5.94 ± 0.06 %
e+e− γ (8.8 ± 1.4 ) × 10−3 %

µ+µ− 5.93 ± 0.06 %

Table 1.1: J/ψ decay modes and branching fractions [17].

J/ψ was one of a family of particles composed of cc, as shown in Fig. 1.1, which were

subsequently named charmonium. Alongside the later discovered bottomonium states,

composed of bb, they formed a group of particles, composed of a heavy quark and anti-

quark, termed quarkonium.

J/ψ, ψ′ and Υ Production at Hadron Colliders: a review 5

as of today.

Table 1. Properties of charmonia (cf. Ref. 22).

Meson n2S+1LJ JPC Mass (GeV) Γµµ (keV)

ηc 1 1S0 0−+ 2.980 N/A
J/ψ 1 3S1 1−− 3.097 5.40

χc0, χc1, χc2 1 3P0,1,2 0++,1++,2++ 3.415,3.511,3.556 N/A
hc 1 1P0 1+− 3.523 N/A

ηc(2S) 2 1S0 0−+ 3.594 N/A
ψ′ 2 3S1 1−− 3.686 2.12

 (2S)ψ

γ∗

η
c
(2S)

η
c
(1S)

hadrons

hadrons hadrons

hadrons

radiative

hadrons
hadrons

χ
c2(1P)

χ
c0(1P)

  (1S)ψJ/

=JPC 0−+ 1−− 0++ 1++ 1+− 2++

χ
c1(1P)

π0

γ

γ

γ

γ

γ
γ

γγ∗ h
c
(1P)

ππ

η,π0

hadrons

Fig. 2. Spectrum and transitions of the charmonium family (Reprinted figure from Ref. 22 with
permission of Elsevier. Copyright (2004).).

Table 2. Properties of bottomonia (cf. Ref. 22) .

Meson n2S+1LJ JPC Mass (GeV) Γµµ (keV)

Υ(1S) 13S1 1−− 9.460 1.26
χb0, χb1 , χb2(1P ) 1 3P0,1,2 0++,1++,2++ 9.860,9.893,9.913 N/A

Υ(2S) 2 3S1 1−− 10.023 0.32
χb0, χb1, χb2 (2P) 2 3P0,1,2 0++,1++,2++ 10.232,10.255,10.269 N/A

Υ(3S) 3 3S1 1−− 10.355 0.48

1.3. Early predictions for quarkonium production

1.3.1. The Colour-Singlet Model

This model ise the most natural application of QCD to heavy-quarkonium produc-

tion in the high-energy regime. It takes its inspiration in the factorisation theorem of

ebefore the inclusion of fragmentation contributions.

Figure 1.1: The mass spectrum of the charmonium family.

The different charmonium states can be characterised by their total angular momen-

tum (J), spin (S) and orbital angular momentum (L). The J/ψ particle has the same

quantum numbers as the photon, J = 1, S = 1 and L = 0 and is in a spin triplet state,

which is represented in spectroscopic notation as 13S1.

The mass of the J/ψ , 3096.916 ± 0.011 MeV/c2 [17], lies below the open-charm meson

threshold, which, coupled with the fact the J/ψ is colourless, means at the leading order

it can only decay via three gluons or two gluons and a radiative photon. This leads to a

relatively high di-lepton branching ratio, of the same order as the hadronic. Additionally,

it means the J/ψ has a very narrow resonance of only 92.9 ± 2.8 keV [17]. The J/ψ

decay modes are listed in Table 1.1.
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1.3 Models of Quarkonium Production

At proton proton colliders, J/ψ particles can be produced in three ways

• Prompt-direct: J/ψ are produced directly in the primary pp collision.

• Prompt-feed-down: J/ψ are the decay products of charmonium that have been

produced directly in the pp collision, (allowed charmonium transitions are shown

in Fig. 1.1).

• Non-prompt: charmonium states are produced from the decay products of B mesons.

In this thesis, ‘prompt’ will refer to the prompt-direct and prompt-feed-down compo-

nents, and ‘direct’ will refer to the ‘prompt-direct’ component. In order to differentiate

between the prompt and non-prompt J/ψ , the long lifetime of the B mesons, which

results in the non-prompt J/ψ being produced a significant distance from the primary

production vertex, is usually exploited.

Since the discovery of the J/ψ resonance a number of models and effective QCD theories,

which aim to describe the formation of quarkonia, have been formulated. However,

despite many years of progress and endeavour, no model can explain all the experimental

data. The leading models of production, which include the Colour Singlet model (CS),

the Colour Evaporation model (CE) and NRQCD, are discussed in the following sections.

1.3.1 Colour Singlet Model

The Colour Singlet Model (CS) [18] was proposed shortly after the discovery of J/ψ

particle. In the model, production is theorised to occur at two separate scales and

therefore it is assumed the calculation can be factorised. In the first step the on-shell

heavy quark pair is produced in a short distance process. The second step involves the

transition from the heavy quark pair to the physical quarkonium, which takes place at

longer distance scales of the order of the quarkonium size. The first step is assumed to be

a perturbative QCD process, which can be computed with Feynman diagram techniques.

The second step is described by a ‘universal’ wave function (i.e. it doesn’t depend on the
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production process or kinematics) and uses the ‘static’ approximation; as the process

concerns heavy quarks their relative velocity must be small, therefore it is assumed that

they are at rest in the rest frame of the meson. It is further assumed that the colour

and spin of the heavy quark pair are not changed during the formation of the physical

quarkonium. Therefore, as the quarkonium must be colourless, the heavy quark pair are

assumed to be in a colour singlet state, which is from where the theory derives its name.

A strength of the theory is its predictive power; the model only requires as input the Par-

ton Density Function (PDF) and the universal wave function, which can be determined

from experimental data from decay processes. Although it was initially successfully

applied at leading order (LO) at relatively low energies [3], studies of J/ψ production

at the Tevatron demonstrated that the model severely underestimated the cross-section

and did not reproduce the pT distribution shape [4]. Adding in the fragmentation con-

tribution at next to leading order (NLO) [19] meant that the shape of the experimental

distribution was reproduced. However, the magnitude of the direct J/ψ cross-section

was still greatly underestimated, as can be seen in Fig. 1.2(a). Additionally, when the

theory was applied to higher orbital angular momentum quarkonium it led to infrared

divergences, implying that the simple factorisation approach used breaks down [18].

Recent calculations have shown large corrections at high energy to the CS model at NLO

and next to next leading order (NNLO), as shown in Fig. 1.2(b). Although this means

the CS model largely closes the gap between theory and experiment, given the size of

the corrections at NLO and NNLO, it is not clear that the perturbative expansion in αs

is convergent [20].

1.3.2 Colour Evaporation Model

The Colour Evaporation Model (CE) [23] [24] was first introduced three years after the

discovery of the J/ψ , and was later revived in 1996 [25]. Unlike the CS model, the CE

model does not assume that the heavy quark pair is produced in a colour singlet state,

but instead that its colour and spin are randomised by soft interactions that occur after

production of the QQ̄ pair. Therefore, the probability for the QQ̄ pair to end up in a

colour singlet state, rather than colour octet, is simply 1
9 . The CE model cross-section
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Fig. 7. (left) Differential cross section versus pT of various CSM fragmentation processes for
J/ψ to be compared with the LO contributions (Reprinted figure from Ref. 42 with permission of
Elsevier. Copyright (1994).). (right) Differential cross section versus pT of the CSM (fragmentation
and LO) production to be compared with the direct production of J/ψ from CDF (Reprinted figure
from Ref. 50 with permission of Elsevier. Copyright (2001).)

and could be accounted for by the theoretical and experimental uncertainties; on the

other hand, for the ψ′, the disagreement continued to be dramatic. The situation

would be clarified by the extraction of the direct component for J/ψ, for which

theoretical uncertainties are reduced and are similar to those for the ψ′.
The CDF collaboration undertook the disentanglement of the direct J/ψ

signal49. They searched for J/ψ associated with the photon emitted during this

radiative decay: the result was a direct cross section 30 times above expectations

from LO CSM plus fragmentation. This was the confirmation that the CSM was

not the suitable model for heavy-quarkonium production in high-energy hadron

collisions.

It is a common misconception of the CSM to believe that the well-known factor

30 of discrepancy between data and theory for direct production of J/ψ arises when

the data are compared with the predictions for the LO CSM following Baier, Rückl,

Chang, . . . ,27,28,29 tuned to the right energy. As you can see on Fig. 7 (right), the

factor would be rather of two orders of magnitude at large pT for J/ψ. The same

conclusion holds also for ψ′ (see Fig. 5 (right)).

It is also worth pointing that, in the CSM, the direct component of ψ (3S1

charmonia) produced by fragmentation is mainly from c-quark fragmentation (see

Fig. 7 (left)) as soon as PT reaches 5 GeV and the αs penalty of the gluon frag-

mentation is not compensated anymore by the c-quark mass. It was further pointed

out in 2003 by Qiao 51 that sea-quark initiated contributions could dominate in the

fragmentation region (large pT ).
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Figure 8: Comparison of the LHCb results for the differential prompt J/ψ production for unpolarised
J/ψ (circles with error bars) with: (top, left) direct J/ψ production as predicted by LO and NLO
NRQCD; (top, right) direct J/ψ production as predicted by NLO and NNLO� CSM; (bottom, left)
prompt J/ψ production as predicted by NLO NRQCD; (bottom, right) prompt J/ψ production as pre-
dicted by NLO CEM. A more detailed description of the models and their references is given in the
text.

• top, left: direct J/ψ production as calculated from NRQCD at leading-order in αs (LO,
filled orange uncertainty band) [31] and next-to-leading order (NLO), with colour-octet
long distance matrix elements determined from HERA and Tevatron data (hatched green
uncertainty band) [32], summing the colour-singlet and colour-octet contributions.

• top, right: direct production as calculated from a NNLO� colour-singlet model (CSM,
filled red uncertainty band) [11, 33]. The notation NNLO� denotes an evaluation that
is not a complete next-to-next leading order computation and that can be affected by
logarithmic corrections, which are however not easily quantifiable. Direct production as
calculated from NLO CSM (hatched grey uncertainty band) [7, 9] is also represented.

• bottom, left: prompt J/ψ production as calculated from NRQCD at NLO, including con-
tributions from χc and ψ(2S) decays, summing the colour-singlet and colour-octet con-
tributions [34].

15

(b)

Figure 1.2: Direct J/ψ production as a function of pT at (a) CDF, with predictions
from a LO CS model and CS fragmentation [21] and (b) LHCb, with predictions from
NLO CS model and NNLO*, where the star indicates that not all of the terms in the
NNLO have been calculated [22].

is calculated by integrating from the threshold to produce a heavy quark pair, 2mQ, up

to the threshold for producing heavy quark mesons, 2mq̄Q. The total cross-section to

produce quarkonium in the CE model is therefore

σonium =
1

9

∫ 2mq̄Q

2mQ

dm
dσQQ̄
dm

(1.1)

The cross-section for a particular state, such as J/ψ , is then given by

σJ/ψ = ρJ/ψσonium (1.2)

where ρ is a factor that takes into account the distribution of the cross-section amongst

the produced quarkonium states, which is assumed to be universal.

A comparison of a contemporary NLO CE model to prompt single J/ψ production at

√
s = 7 TeV is shown in Fig. 1.3 [22], which includes contributions from χc and ψ(2S).

The CE model reproduces the shape and magnitude of production well for mid-range

values of pT, but is less accurate for low and high values of pT.

Although the CE model is phenomenologically reasonable and has an appealing sim-

plicity, it has several limitations. The model cannot make any predictions about the

polarisation of the produced quarkonium, which is an important test on the validity of

other models. Additionally, the prediction of the universality of the ρ factor fails to
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Figure 8: Comparison of the LHCb results for the differential prompt J/ψ production for unpolarised
J/ψ (circles with error bars) with: (top, left) direct J/ψ production as predicted by LO and NLO
NRQCD; (top, right) direct J/ψ production as predicted by NLO and NNLO� CSM; (bottom, left)
prompt J/ψ production as predicted by NLO NRQCD; (bottom, right) prompt J/ψ production as pre-
dicted by NLO CEM. A more detailed description of the models and their references is given in the
text.

• top, left: direct J/ψ production as calculated from NRQCD at leading-order in αs (LO,
filled orange uncertainty band) [31] and next-to-leading order (NLO), with colour-octet
long distance matrix elements determined from HERA and Tevatron data (hatched green
uncertainty band) [32], summing the colour-singlet and colour-octet contributions.

• top, right: direct production as calculated from a NNLO� colour-singlet model (CSM,
filled red uncertainty band) [11, 33]. The notation NNLO� denotes an evaluation that
is not a complete next-to-next leading order computation and that can be affected by
logarithmic corrections, which are however not easily quantifiable. Direct production as
calculated from NLO CSM (hatched grey uncertainty band) [7, 9] is also represented.

• bottom, left: prompt J/ψ production as calculated from NRQCD at NLO, including con-
tributions from χc and ψ(2S) decays, summing the colour-singlet and colour-octet con-
tributions [34].

15

Figure 1.3: Prompt J/ψ production at
√
s = 7 TeV at LHCb as a function of pT, with

predictions from a NLO CE model [22].

replicate what is seen in experiments, where the ratio of different states varies according

to the production process or the kinematics of production [18].

1.3.3 NRQCD

Non-Relativistic QCD (NRQCD) [26] [27] is an Effective Field Theory (EFT) which

encompasses the CS model. Like the CS model, the production process is factorised

into a long distance and short distance process, which represent the creation of the

heavy quark pair and the formation of the physical quarkonium, respectively. The short

distance component is process dependent, and can be calculated perturbatively using the

strong coupling constant, αs. The long distance non-perturbative process is universal

and is taken into account via a sum of Long Distance Matrix Elements (LDME). The

cross-section for the production of a quarkonium state H can therefore be written as

σ(H) =
∑

n

σn(Λ)〈OHn (Λ)〉 (1.3)

where Λ is the cutoff of the effective theory, which determines the scale of the short

distance and long distance processes. The index n denotes the colour, spin and angular
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momentum of an intermediate cc state. The cross-section for producing a heavy quark

pair with properties n is represented by σn(Λ) and the LDME are written as 〈OHn (Λ)〉.

Potentially, there are infinitely many LDME to take into account, but they can be

organised as a Taylor expansion in powers of the relative heavy quark velocity, v, and

truncated at a fixed order in v. The LDME can be calculated from experimental data

and potentially also from lattice calculations.

Unlike the CS model, NRQCD represents processes where the QQ̄ pair are produced in

both a colour singlet state and a colour octet state. Heavy quark pairs formed in a colour

octet state will emit one or more soft gluons in order that the physical quarkonium is

in a colour singlet state. The CS model can be obtained from the NRQCD, by taking

only the colour singlet terms in the leading order in v. However, the colour octet terms

cancel the infrared divergences that occur in the CS model for higher orbital angular

momentum quarkonium states.
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Figure 8: Comparison of the LHCb results for the differential prompt J/ψ production for unpolarised
J/ψ (circles with error bars) with: (top, left) direct J/ψ production as predicted by LO and NLO
NRQCD; (top, right) direct J/ψ production as predicted by NLO and NNLO� CSM; (bottom, left)
prompt J/ψ production as predicted by NLO NRQCD; (bottom, right) prompt J/ψ production as pre-
dicted by NLO CEM. A more detailed description of the models and their references is given in the
text.

• top, left: direct J/ψ production as calculated from NRQCD at leading-order in αs (LO,
filled orange uncertainty band) [31] and next-to-leading order (NLO), with colour-octet
long distance matrix elements determined from HERA and Tevatron data (hatched green
uncertainty band) [32], summing the colour-singlet and colour-octet contributions.

• top, right: direct production as calculated from a NNLO� colour-singlet model (CSM,
filled red uncertainty band) [11, 33]. The notation NNLO� denotes an evaluation that
is not a complete next-to-next leading order computation and that can be affected by
logarithmic corrections, which are however not easily quantifiable. Direct production as
calculated from NLO CSM (hatched grey uncertainty band) [7, 9] is also represented.

• bottom, left: prompt J/ψ production as calculated from NRQCD at NLO, including con-
tributions from χc and ψ(2S) decays, summing the colour-singlet and colour-octet con-
tributions [34].

15

Figure 1.4: Direct J/ψ production as a function of pT at LHCb, with predictions from
LO NQCD and NLO NRQCD [22].

A comparison of NRQCD at LO and NLO as a function of pT is given for direct J/ψ

production at LHCb, in Fig. 1.4. It can be seen that the NRQCD reproduces the shape

of the distribution well.



Review of Double J/ψ Production 12

An additional important test of models of quarkonium production is how well the po-

larisation is predicted. The polarisation measurement of prompt J/ψ made by LHCb as

a function of pT [5] is shown in Fig. 1.5. The polarisation is almost flat along the pT

range and slightly negative, which means that it is longitudinally polarised. Predictions

from a number of models are also shown, which include a NLO CS model and three

different NLO NRQCD predictions that differ in the way they evaluate the LDME. The

experimental results do not agree well with the NLO CS, which predicts increasingly

large longitudinal polarisation as pT increases. The best agreement between experiment

and theory is given with the NRQCD predictions from Ref. [28], shown in green, which

predicts almost no polarisation.
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Figure 6: Comparison of LHCb prompt J/ψ polarization measurements of λθ with direct NLO
color singlet (magenta diagonal lines [39]) and three different NLO NRQCD (blue diagonal lines

(1) [39], red vertical lines (2) [40] and green hatched (3) [41]) predictions as a function of the pT

of the J/ψ meson in the rapidity range 2.5 < y < 4.0 in the helicity frame.

of unpolarized J/ψ→ µ+µ− events to reproduce the expected distribution, according to315

Eq. (1), for polarized J/ψ mesons. The polarization parameters λθ, λθφ and λφ are set to316

the measured values, quoted in Table 2 for each bin of pT and y of the J/ψ meson.317

In addition to the polarization update, the uncertainties on the luminosity determi-318

nation and on the track reconstruction efficiency are updated to take into account the319

improvements described in Refs. [42,43]. For the tracking efficiency it is possible to reduce320

the systematic uncertainty to 3%, compared to an 8% uncertainty assigned in the original321

measurement [2]. Taking advantage of the improvements described in [42] the uncertainty322

due to the luminosity measurement has been reduced from the 10%, quoted in [2] to the323

3.5%. The results obtained for the double-differential cross-section are shown in Fig. 7 and324

reported in Table 4. The integrated cross-section in the kinematic range of the polarization325

analysis, 2 < pT < 14 GeV/c and 2.0 < y < 4.5, is326

σprompt(2 < y < 4.5, 2 < pT < 14 GeV/c) = 4.88 ± 0.01 ± 0.27 ± 0.12 µb

and for the range pT < 14 GeV/c and 2.0 < y < 4.5, it is327

σprompt(2 < y < 4.5, pT < 14 GeV/c) = 9.46 ± 0.04 ± 0.53 +0.86
−1.10 µb.

For the two given cross-section measurements, the first uncertainty is statistical, the328

second is systematic, while the third arises from the remaining uncertainty due to the329

polarization measurement and is evaluated using simulated event samples. For the pT range330

12

Figure 1.5: Polarisation of prompt J/ψ from the LHCb experiment in the rapidity range
2.5 < y < 4.0 [29], with a NLO CS model with magenta diagonal lines [30] and three
different NLO NRQCD predictions, in blue diagonal lines [30], red vertical lines [31]
green hatched lines [28]

It has been suggested that a possible reason for the general failure of NRQCD to predict

the polarisation in the case of charmonium production, is that the charmonium system

is too light to ignore relativistic effects and that the expansion in the relative quark

velocity may similarly not be valid [32].
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Fig. 1. The fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass: (a) the raw signal yield observed in the data; (b) the efficiency-corrected yield (Section 6).
The result of a fit with a double-sided Crystal Ball function for the signal and an exponential background is superimposed.

identify charged hadrons. Further downstream, an electromagnetic
calorimeter is used for photon and electron identification, followed
by a hadron calorimeter and a muon system consisting of alter-
nating layers of iron and chambers (MWPC and triple-GEM) that
distinguishes muons from hadrons. The calorimeters and muon
system provide the capability of first-level hardware triggering.

The LHCb trigger system consists of three levels. The first level
(L0) is designed to reduce the LHC bunch crossing rate of 40 MHz
to a maximum of 1 MHz, at which the complete detector is read
out. This is the input to the first stage of the software trigger,
which performs a partial event reconstruction to confirm or dis-
card the L0 trigger decision. The second stage of the software
trigger performs a full event reconstruction to further discriminate
signal events from other pp collisions. To avoid that a few events
with high occupancy dominate the CPU time, a set of global event
cuts is applied on the hit multiplicities of each sub-detector used
by the pattern recognition algorithms. These cuts were chosen to
reject high-multiplicity events with a large number of pp interac-
tions with minimal loss of luminosity.

The data used for this analysis comprise an integrated lumi-
nosity of 37.5 pb−1 of pp collisions at a centre-of-mass energy
of 7 TeV collected by the LHCb experiment between July and
November 2010. This number includes the dead-time of trigger
and data acquisition systems. During this period all detector com-
ponents were fully operational and in a stable condition. The mean
number of visible proton–proton collisions per bunch crossing was
up to 2.5.

The simulation samples used are based on the Pythia 6.4 gen-
erator [22] configured with the parameters detailed in Ref. [23].
The EvtGen [24] and Geant4 [25] packages are used to generate
hadron decays and simulate interactions in the detector, respec-
tively. Prompt charmonium production is generated in Pythia ac-
cording to the leading order CS and CO mechanisms.

3. Event selection and signal yield

In this analysis the J/ψ is reconstructed through its decay into a
pair of muons. Events with at least four muons are selected. J/ψ →
µ+µ− candidates are formed from pairs of oppositely-charged par-
ticles identified as muons that each have a transverse momentum
greater than 650 MeV/c and that originate from a common vertex.
Track quality is ensured by requiring that the χ2

tr/ndf provided by
the track fit is less than five. Well identified muons are selected by
requiring that the difference in logarithms of the global likelihood

of the muon hypothesis, provided by the particle identification de-
tectors [26], with respect to the hadron hypothesis, " lnLµ−h, be
greater than zero. To suppress the contribution from duplicate par-
ticles created by the reconstruction procedure, if two muon can-
didates have a symmetrised Kullback–Leibler divergence [27] less
than 5000, only the particle with the best track fit is considered.

Selected µ+µ− candidates with an invariant mass in the range
3.0 <mµ+µ− < 3.2 GeV/c2 are paired to form (µ+µ−)1(µ+µ−)2
combinations. A fit of the four-muon candidate is performed [28]
that requires the four tracks to be consistent with originating from
a common vertex and that this vertex is compatible with one of
the reconstructed pp collision vertices. To reject background where
two J/ψ candidates originate from different pp collisions, the re-
duced χ2 of this fit, χ2/ndf, is required to be less than five.

The number of events with two J/ψ mesons is extracted from
the single J/ψ mass spectra. The invariant mass distributions of the
first muon pair are obtained in bins of the invariant mass of the
second pair.1 The single J/ψ mass spectrum is modelled empiri-
cally using simulated events. This exhibits non-Gaussian tails on
either side of the peak. The tail on the left-hand side is dominated
by radiative effects in J/ψ decay, while the right-hand side tail is
due to non-Gaussian effects in the reconstruction. The shape of
the distribution is described by a function that is similar to a Crys-
tal Ball function [29,30], but with the power-law tails on both sides
of the core Gaussian component. The position of the J/ψ peak, the
effective mass resolution and the tail parameters of this double-
sided Crystal Ball function are fixed to the values determined from
an analysis of the signal shape in the inclusive J/ψ sample. Com-
binatorial background is modelled using an exponential function.
This model is used to extract the yield of J/ψ → (µ+µ−)1 in bins
of the (µ+µ−)2 invariant mass. The extracted yield is shown in
Fig. 1(a) together with the result of a fit according to the model
described above. The yield of events with double J/ψ production
given by the fit is N J/ψJ/ψ = 141 ± 19, where the statistical signifi-
cance of this signal exceeds 6σ . A fit with position and resolution
of the signal peak left free was also performed and gave consistent
results.

Studies of single J/ψ production indicate that the detector
acceptance and efficiency is high for the fiducial range 2 <

yJ/ψ < 4.5 and pJ/ψ
T < 10 GeV/c. The raw yield of events with both

J/ψ mesons within this range is 139± 18. The yield of events with

1 The µ+µ− pair with lower transverse momentum is chosen to be the first pair.
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Fig. 1. The fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass: (a) the raw signal yield observed in the data; (b) the efficiency-corrected yield (Section 6).
The result of a fit with a double-sided Crystal Ball function for the signal and an exponential background is superimposed.

identify charged hadrons. Further downstream, an electromagnetic
calorimeter is used for photon and electron identification, followed
by a hadron calorimeter and a muon system consisting of alter-
nating layers of iron and chambers (MWPC and triple-GEM) that
distinguishes muons from hadrons. The calorimeters and muon
system provide the capability of first-level hardware triggering.

The LHCb trigger system consists of three levels. The first level
(L0) is designed to reduce the LHC bunch crossing rate of 40 MHz
to a maximum of 1 MHz, at which the complete detector is read
out. This is the input to the first stage of the software trigger,
which performs a partial event reconstruction to confirm or dis-
card the L0 trigger decision. The second stage of the software
trigger performs a full event reconstruction to further discriminate
signal events from other pp collisions. To avoid that a few events
with high occupancy dominate the CPU time, a set of global event
cuts is applied on the hit multiplicities of each sub-detector used
by the pattern recognition algorithms. These cuts were chosen to
reject high-multiplicity events with a large number of pp interac-
tions with minimal loss of luminosity.

The data used for this analysis comprise an integrated lumi-
nosity of 37.5 pb−1 of pp collisions at a centre-of-mass energy
of 7 TeV collected by the LHCb experiment between July and
November 2010. This number includes the dead-time of trigger
and data acquisition systems. During this period all detector com-
ponents were fully operational and in a stable condition. The mean
number of visible proton–proton collisions per bunch crossing was
up to 2.5.

The simulation samples used are based on the Pythia 6.4 gen-
erator [22] configured with the parameters detailed in Ref. [23].
The EvtGen [24] and Geant4 [25] packages are used to generate
hadron decays and simulate interactions in the detector, respec-
tively. Prompt charmonium production is generated in Pythia ac-
cording to the leading order CS and CO mechanisms.

3. Event selection and signal yield

In this analysis the J/ψ is reconstructed through its decay into a
pair of muons. Events with at least four muons are selected. J/ψ →
µ+µ− candidates are formed from pairs of oppositely-charged par-
ticles identified as muons that each have a transverse momentum
greater than 650 MeV/c and that originate from a common vertex.
Track quality is ensured by requiring that the χ2

tr/ndf provided by
the track fit is less than five. Well identified muons are selected by
requiring that the difference in logarithms of the global likelihood

of the muon hypothesis, provided by the particle identification de-
tectors [26], with respect to the hadron hypothesis, " lnLµ−h, be
greater than zero. To suppress the contribution from duplicate par-
ticles created by the reconstruction procedure, if two muon can-
didates have a symmetrised Kullback–Leibler divergence [27] less
than 5000, only the particle with the best track fit is considered.

Selected µ+µ− candidates with an invariant mass in the range
3.0 <mµ+µ− < 3.2 GeV/c2 are paired to form (µ+µ−)1(µ+µ−)2
combinations. A fit of the four-muon candidate is performed [28]
that requires the four tracks to be consistent with originating from
a common vertex and that this vertex is compatible with one of
the reconstructed pp collision vertices. To reject background where
two J/ψ candidates originate from different pp collisions, the re-
duced χ2 of this fit, χ2/ndf, is required to be less than five.

The number of events with two J/ψ mesons is extracted from
the single J/ψ mass spectra. The invariant mass distributions of the
first muon pair are obtained in bins of the invariant mass of the
second pair.1 The single J/ψ mass spectrum is modelled empiri-
cally using simulated events. This exhibits non-Gaussian tails on
either side of the peak. The tail on the left-hand side is dominated
by radiative effects in J/ψ decay, while the right-hand side tail is
due to non-Gaussian effects in the reconstruction. The shape of
the distribution is described by a function that is similar to a Crys-
tal Ball function [29,30], but with the power-law tails on both sides
of the core Gaussian component. The position of the J/ψ peak, the
effective mass resolution and the tail parameters of this double-
sided Crystal Ball function are fixed to the values determined from
an analysis of the signal shape in the inclusive J/ψ sample. Com-
binatorial background is modelled using an exponential function.
This model is used to extract the yield of J/ψ → (µ+µ−)1 in bins
of the (µ+µ−)2 invariant mass. The extracted yield is shown in
Fig. 1(a) together with the result of a fit according to the model
described above. The yield of events with double J/ψ production
given by the fit is N J/ψJ/ψ = 141 ± 19, where the statistical signifi-
cance of this signal exceeds 6σ . A fit with position and resolution
of the signal peak left free was also performed and gave consistent
results.

Studies of single J/ψ production indicate that the detector
acceptance and efficiency is high for the fiducial range 2 <

yJ/ψ < 4.5 and pJ/ψ
T < 10 GeV/c. The raw yield of events with both

J/ψ mesons within this range is 139± 18. The yield of events with

1 The µ+µ− pair with lower transverse momentum is chosen to be the first pair.

(b)

Figure 1.6: Fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 (a) the raw signal yield
(b) the efficiency corrected yield. The red line shows a fit with a double-sided Crystal
Ball function for the signal and a exponential for the background [10].

1.4 Double J/ψ Production

Double J/ψ production was first observed in 1982 by the NA3 collaboration in multi-

muon events in pion-platinum interactions at 150 and 280 GeV [9]. It was later observed

in proton-platinum collisions at 400 GeV [33]. At NA3, the cross section was dominated

by the quark-antiquark annihilation channel.

At the LHC, the main contribution to double J/ψ production comes instead from gluon

gluon fusion, as discussed further in Sec. 1.4.1. Double J/ψ production was measured at

LHCb using 37.5 pb−1 of 2010 data at a centre of mass energy of
√
s = 7 TeV and the

cross section was found to be 5.1 ± 1.0 (stat) ± 1.1 (syst) nb [10] with pT < 10 GeV,

in the rapidity, y, range of 2 < y < 4.5, with rapidity defined by

y =
1

2
ln
E + pz
E − pz

(1.4)

where E is the total energy and pz is the momentum along the beam axis. The fitted

yields and the efficiency corrected yield from this study can be seen in Fig. 1.6.

The CMS collaboration has also investigated double J/ψ production [11]. Using an

integrated luminosity of 4.73± 0.12 fb−1 the study extracted 446± 23 signal events. The

cross section, assuming unpolarized prompt J/ψ , was 1.49 ± 0.07 (stat) ± 0.14 (syst) nb.

Maximal estimates of the unknown double J/ψ polarisation increased the cross-section
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by as much as 27 % or decreased it by a factor of 31 %. The differential cross section as

a function of the double J/ψ invariant mass can be seen in Fig. 1.7. Additionally, the

D0 collaboration have recently also made a measurement of double J/ψ production [12].

The cross-section for double J/ψ events was calculated as 169 ± 15(stat) ± 38(sys) fb.
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Figure 2: Differential cross section for prompt double J/ψ production as a function of the double
J/ψinvariant mass (MJJ, top left), the absolute rapidity difference between J/ψ mesons (|∆y|,
top right), and the double J/ψ transverse momentum (pJJ

T, bottom). The gray boxes represent
statistical errors only, and the error bars represent statistical and systematic errors added in
quadrature.

Figure 1.7: Differential cross-section for prompt double J/ψ production as a function of
the double J/ψ invariant mass at the CMS experiment. The error bars show statistical
and systematic errors added in quadrature, the grey boxes represent statistical errors
only [11].

1.4.1 Theoretical Double J/ψ Production

Double J/ψ production at the LHC is dominated by gluon gluon fusion [7], with the

cross-section being over three orders of magnitude lower than for single J/ψ produc-

tion [10]. This difference in cross-section is due both to kinematic reasons, because of

the requirement of producing larger mass, and also because the perturbative component

in double production starts at higher orders of αs. The CS Feynman diagrams for double

J/ψ production start at order α4
s, whereas in single J/ψ production they begin at order

α3
s. The 31 Feynman diagrams which account for the LO perturbative QCD contribution

of CS charmonium pairs by gluon gluon fusion are shown in Fig. 1.8. In these LO CS

diagrams the two initial gluons are in a colour singlet state and are C-even. Whilst the

production of pairs consisting of J/ψ , ηc, or χc is allowed, the production of particles

with different C-parity, such as J/ψ + χc, is prohibited. This therefore restricts the
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feed down from higher charmonium states to double J/ψ at LO [7]. However, it should

be noted that beyond the LO CS contribution these restrictions on feed down do not

exist. A LO CS model from Ref. [34] predicts a cross-section at LHCb of 3.2 nb with

an uncertainty of 30 %, for J/ψ with pT < 10 GeV and rapidity between 2 and 4.2.
3

4x
4x

4x8x

8x 2x
1x

FIG. 1. Feynman diagrams contributing gg → 2J/ψ process.

meson pairs in the gluon-gluon interaction. In the third section cross section of this process

at LHC at 7 TeV energy is calculated taking different experimental restrictions into account.

Special attention is payed to production in LHCb conditions as there is first experimental

data available [15]. Fourth section is devoted to calculation of the 4c-tetraquark mass and

estimation of the cross section of its production at LHC.

II. DOUBLE J/ψ-MESON PRODUCTION IN GLUON-GLUON INTERACTION

In the leading order of perturbative QCD there are 31 Feynman diagrams describing color-

singlet charmonium pairs production in gluonic reaction (see fig.1). We are not considering

contribution of the quark-antiquark interaction, which is negligibly small at LHC energies.

Hadronization of a cc̄-pair into a final J/ψ-meson is accounted for by the wave function of

this particle at origin:

ψJ/ψ(r)
∣∣
r=0

= 0.21 GeV3/2. (1)

It is the only nonperturbative parameter in the matrix element of gg → 2J/ψ process. Its

value is extracted from the leptonic width of J/ψ-meson neglecting QCD corrections as we

do not take these corrections into account in our matrix element. Color-octet contributions

in the kinematical region considered in our article can be neglected [6, 7].

In the following we will use two methods to calculate the cross section. First approach

involves standard procedure of analytical calculation of the amplitude, analytical squaring

of this amplitude (for example, using FeynCalc package [16]) and subsequent integration

Figure 1.8: Leading order colour singlet Feynman diagrams contributing to
gg → 2 × J/ψ [7].

In single J/ψ production, significant corrections were seen at NLO and NNLO, as de-

scribed in Sec. 1.3.1. Calculations have been carried out using NRQCD for double J/ψ

production by Ref. [35] to investigate if there are similarly large corrections at NLO. An

example of a Feynman diagram contributing towards the NLO corrections, at order α5
s,

is shown in Fig. 1.9. The prediction for σJ/ψJ/ψ ×B2
µ+µ, where Bµ+µ is the branching ra-

tio of J/ψ to µ+ µ−, for direct production at LO is 22+27.7
−13.1 pb and for NLO 24.3+30.6

−14.4 pb.

This calculation is carried out for J/ψ with a pT less than 10 GeV and a rapidity be-

tween 2 and 4.2. The LO and NLO predictions can be seen to be in good agreement,

which demonstrates convergence of the perturbative series in this regime, although very

large uncertainties exist on these values.

dependence, we have also evaluated—for the first time—
the leading-PT next-to-leading order (NLO) contributions
to the latter production. Our evaluation consists of the
computation of the real-emission NLO corrections regu-
lated by a cut off (NLO?) instead of by the loop corrections
in a full NLO computation. To enrich the comparison, we
have also computed some kinematic correlations whose
analysis may help to study the DPS contributions and,
finally, the polarization of a J=c associated with an !c

and of a J=c in a pair of J=c taking into account the
leading-PT NLO QCD corrections.

Cross-section evaluation.—In the CSM [4], the ampli-
tude for the production of a pair of S-wave quarkonia Q1

and Q2, of given momenta P1;2 and of polarization "1;2

accompanied by other partons, noted k, is written as the
product of the amplitude to create the corresponding
double heavy-quark pair, in each of which the relative
momentum of the heavy quarks (p1;2) is zero, two spin
projectors Nð"1;2js1;3; s2;4Þ and R1;2ð0Þ, the radial wave
functions at the origin in the configuration space for both
quarkonia. Precisely, one has

Mðab ! Q1
"1ðP1Þ þQ2

"2ðP2Þ þ kÞ

¼
X

s1;s2;c1;c2

X

s3;s4;c3;c4

Nð"1js1; s2ÞNð"2js3; s4Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ1

mQ2

p

% #c1c2#c3c4

Nc

R1ð0ÞR2ð0Þ
4$

%Mðab ! Qs1
c1

!Qs2
c2ðp1 ¼ 0Þ

þQs3
c3
!Qs4
c4ðp2 ¼ 0Þ þ kÞ;

where one defines from the heavy-quark momenta q1;2;3;4,
P1;2 ¼ q1;3 þ q2;4, p1;2 ¼ ðq1;3 & q2;4Þ=2, and where s1;3,
s2;4 are the heavy-quark spin components and #cicj=

ffiffiffiffiffiffi
Nc

p
is the CS projector. Nð"jsi; sjÞis the spin projector, which
has a simple expression in the nonrelativistic limit
1=ð2

ffiffiffi
2

p
mQÞ !vððP=2Þ; sjÞ"SuððP=2Þ; siÞ where "S is %5

when S ¼ 0 (e.g., !c) and ""&%
& when S ¼ 1 (e.g.,

J=c ). In this analysis, we will use the generic tree-level
matrix element and event generator for heavy quarkonia,
HELAC-ONIA, described in Ref. [31], to perform all the
calculations. We have considered the processes of

J=c -pair and J=c þ !c production at LO via gg !
J=c þ J=c at '4

s [see e.g., Figs. 1(a) and 1(b)] and
gg ! J=c þ !c þ g at '5

s [see e.g., Fig. 1(c)]. In the
latter case, the emission of a final-state gluon is imposed
by C-parity conservation and the gluon is necessarily
radiated by the heavy-quark line. Note that the quark-
induced processes do not contribute at these orders.
In addition, we have studied the impact of the real-

emission QCD corrections to direct J=c -pair production
[see e.g., Fig. 1(d)]. The contribution of these added to that
at LO is what we call the NLO? yield. In order to avoid
infrared (IR) divergences appearing when real emissions
are considered, we followed Ref. [9] and have imposed that
the invariant mass of any light-parton pair sij be greater
than the IR cut off smin

ij .

Our IR treatment is expected to give a reliable estimation
of the NLO result at least at large PT values and probably at
mid-PT values for the following reasons. One first notes
that, by inspection of all propagators, one can easily see that
our IR cut off sij > smin

ij is sufficient to regulate all the

collinear and soft divergences in the real-emission correc-
tions to J=c -pair production. The key argument is then that
for the new PT-enhanced topologies appearing at NLO
from, e.g., the t-channel-exchange diagram shown in
Fig. 1(d), sij will necessarily be large for any light-parton
pair at large PT . For the remaining topologies, one may
encounter large logarithms of sij=s

min
ij , but these are factors

of the amplitudes of PT-suppressed topologies and the
dependence on smin

ij should therefore vanish as soon as PT

increases. Finally, we note that the virtual corrections, which
necessarily have the same PT scaling as the Born contribu-
tions, are also PT suppressed compared to the real-emission
contributions, and they can also be neglected since we have
anyhow regulated the IR divergences.
The reliability of the NLO? approximation has been

explicitly verified in the inclusive J=c and # production
[9,10] as well as for J=c þ % and #þ % [15] (It is also
worth noting that the NLO? of J=c þ Z production repro-
duces quite well the exact NLO result [32], though there is
another large energy scale mZ besides PT). As we show in
the next section, the scaling of the NLO? yield for J=c þ
J=c is clearly enhanced by P2

T compared to the LO yield,
and the IR cut off sensitivity vanishes extremely quickly.
These are clear indications that the method works for this
process at this order.
As regards the parameters entering the computations,

we have taken jRJ=c ;!c
ð0Þj2 ¼ 0:81 GeV3 and MJ=c ;!c

¼
2mc. Our uncertainty bands are obtained from the
combined variations of mc ¼ 1:5' 0:1 GeV, with the fac-
torization &F and the renormalization &R scales chosen
among the couples (0:5&0, 2&0), where &0 ¼ mT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4mcÞ2 þ p2

T

q
.

Cross-section results.—Our LO results for d(=dPT are
shown in Fig. 2(a) for jyj< 3 covered by CMS and ATLAS

FIG. 1. Some diagrams contributing to the hadroproduction of
a pair of quarkonium QþQ0 in the CSM at orders '4

S [(a) and
(b)] for J=c þ J=c and '5

S for J=c þ !c (c) and J=c þ J=c
(d). The quarks and antiquarks attached to the ellipses are taken
as on shell, and their relative velocity v is set to zero.

PRL 111, 122001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

20 SEPTEMBER 2013

122001-2

Figure 1.9: An example Feynman diagram contributing towards the NLO CS terms [35].
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Colour octet contributions to double J/ψ production are only expected to become signif-

icant for larger values of pT, approximately 10 GeV [36] [37]. The relative insignificance

of the CO contribution in the low pT region is due to the smallness of the colour octet

LDMEs, however, the cross-section for the CO component falls more slowly as trans-

verse momentum increases than the CS contributions, as can be seen in Fig. 1.10 [36].

The leading order CO Feynman diagrams contributing to double J/ψ production are

shown in Fig. 1.11. NLO calculations have also shown the absence of significant CO

contributions [35]. As such, it is not expected that CO contributions will be important

in the LHCb fiducial volume.

FIG. 5: The differential cross-section of J/ψ pair production versus pT at the LHC. Lines a and b,

represent yields from color-octet and color-singlet in unpolarized case, respectively. The diagrams

from left to right represent for cases of
√

S = 7 TeV,
√

S = 10 TeV, and
√

S = 14 TeV, respectively.

The integrated cross sections of double J/ψ production with different polarizations are

found to be measurable theoretically with a lower transverse momentum cut of 7 GeV

in the first-year run of LHC at colliding energy of 7 TeV and luminosity of 1fb−1 or so,

where about one hundred of di-muons from J/ψ decays will be produced and the total

yields from CS and CO are comparable. For lower transverse momentum cut higher than

7 GeV, the double J/ψ yield may mainly come from the color-octet scheme, under the

circumstance of employing the nowadays prevailing magnitude of color-octet matrix element.

At colliding energy of 7 TeV, our calculation result shows that the data with at least one

J/ψ in a pair being longitudinally polarized are nearly fifty percent of the total yield with

transverse momentum integration lower cut of 5 GeV of produced J/ψ. Different from the

inclusive production, where experimental data show that J/ψs tend to be unpolarized or

Figure 1.10: The pT differential cross-section of double J/ψ at the LHC at
√
s = 7 TeV

with (a) unpolarised colour octet contribution (b) unpolarised colour singlet [36].

FIG. 2: Typical Feynman diagrams of J/ψ pair production in p p collision at leading order in

color-octet scheme.

obviously, α = 1 corresponds to the transverse polarization, and α = −1 to the longitudinal

polarization.

B. Color-Octet Scheme

In NRQCD, the short-distant contribution can be expanded by v. Dynamical gluons enter

into Fock state, and combine with heavy quark pair to form Color octet states. Therefore,

wave functions of J/ψ is represented by

|J/ψ〉 = O(1)|cc̄[3S(1)
1 ]〉 + O(v)|cc̄[3P (8)

J ]g〉 + O(v2)|cc̄[3S(1,8)
1 ]gg〉 + O(v2)|cc̄[1S(8)

0 ]g〉 + ... (4)

In the CO scheme, at the leading order of v, three different CO state components

|cc̄[3P (8)
J ]g〉, |cc̄[3S(1,8)

1 ]gg〉 and |cc̄[1S(8)
0 ]g〉 may contribute to the double J/ψ production.

In practice, for the sake of simplicity for further analysis, we classify the intermediate

Fock states into two clusters: one contains |cc̄[3S(1,8)
1 ]gg〉, the other includes |cc̄[1S(8)

0 ]g〉
and |cc̄[3P (8)

J ]g〉. In this sense, the double J/ψ Fock states may have following different

combinations:

|J/ψ〉|J/ψ〉 = |cc̄[3S(1)
1 ]〉|cc̄[3S(1)

1 ]〉 + |cc̄[3S(1)
1 ]〉|cc̄[3S(8)

1 ]gg〉︸ ︷︷ ︸
Part1

+ |cc̄[3S(1)
1 ]〉(|cc̄[3P (8)

J ]g〉 + |cc̄[1S(8)
0 ]g〉)︸ ︷︷ ︸

Part2

+ |cc̄[3S(8)
1 ]gg〉|cc̄[3S(8)

1 ]gg〉︸ ︷︷ ︸
Part3

+ |cc̄[3S(8)
1 ]gg〉(|cc̄[3P (8)

J ]g〉 + |cc̄[1S(8)
0 ]g〉)︸ ︷︷ ︸

Part4

Figure 1.11: Colour octet Feynman diagrams contributing to gg → 2J/ψ [36].



Review of Double J/ψ Production 17

1.5 Double Parton Scattering

Double parton scattering (DPS) events, where two hard scattering processes take place,

as shown in Fig. 1.12, are expected to be significant in number at the LHC [38]. As

such, it is important to investigate DPS in order to more fully understand the hadronic

processes that are taking place. Experimental evidence for DPS was first seen by the

AFS collaboration at CERN [39] and has been further investigated by a number of other

experiments, including CDF and D0 [40].

c

c

p

p

c

c

FIG. 1: Mechanism of cc̄cc̄ production via double-parton scattering.

which by construction reproduces formula for integrated cross section (1.2). This cross sec-
tion is formally differential in 8 dimensions but can be easily reduced to 7 dimensions noting
that physics of unpolarized scattering cannot depend on azimuthal angle of the pair or on
azimuthal angle of one of the produced c (c̄) quark (antiquark). The differential distributions
for each single scattering step can be written in terms of collinear gluon distributions with
longitudinal momentum fractions x1, x2, x3 and x4 expressed in terms of rapidities y1, y2, y3,
y4 and transverse momenta of quark (or antiquark) for each step (in the LO approximation
identical for quark and antiquark).

A more general formula for the cross section can be written formally in terms of double-
parton distributions, e.g. Fgg, Fqq, etc. In the case of heavy quark (antiquark) production
at high energies:

dσDPS =
1

2σeff

Fgg(x1, x2, µ
2
1, µ

2
2)Fgg(x

′
1x

′
2, µ

2
1, µ

2
2)

dσgg→cc̄(x1, x
′
1, µ

2
1)dσgg→cc̄(x2, x

′
2, µ

2
2) dx1dx2dx′

1dx′
2 . (1.4)

It is physically motivated to write the double-parton distributions rather in the impact
parameter space Fgg(x1, x2, b) = g(x1)g(x2)F (b), where g are usual conventional parton
distributions and F (b) is an overlap of the matter distribution in the transverse plane where
b is a distance between both gluons in the transverse plane [28]. The effective cross section
in (1.2) is then 1/σeff =

∫
d2bF 2(b) and in this approximation is energy independent.

The double-parton distributions in Eq.(1.4) are generally unknown. Usually one assumes
a factorized form and expresses them via standard distributions for SPS. Even if factorization
is valid at some scale, QCD evolution may lead to a factorization breaking. Evolution is
known only in the case when the scale of both scatterings is the same [19, 20, 22] i.e. for
heavy object, like double gauge boson production. For double cc̄ production this is not the
case and was not discussed so far in the literature. In the present preliminary study we shall
therefore apply the commonly used in the literature factorized model. A refinement will be
done elsewhere. In explicit calculations presented below we use leading order collinear gluon
distributions (GRV94 [29], CTEQ6 [30], GJR08 [31], MSTW08 [32]).

3

Figure 1.12: Creation of 2xcc via double parton scattering.

Theoretical calculations for DPS are based on the assumption that the DPS event can

be decomposed into two single parton scattering (SPS) events, which are not correlated

and do not interfere. Therefore, the DPS cross-section can be written as

σDPS(pp→ ccccX) =
1

2σeff
σSPS(pp→ ccX1)σSPS(pp→ ccX2) (1.5)

where σSPS is the cross-section for SPS production of cc pairs. The factor 1
2 is due to

the assumption that the number of parton parton interactions per collision is distributed

according to Poisson statistics. σeff is a factor that takes into account the probability

that the ‘second’ SPS emission takes place given the ‘first’ SPS event has occurred.

In double J/ψ production at LHCb, it has been theorised that DPS may potentially be

a significant mode of production [7] [41] [42] [8]. A prediction for the LO CS DPS cross-

section of double J/ψ production at LHCb was made by Ref. [41], using the measured
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σpromptexperiment σNLO,promptSPS σpromptDPS

LHCb 18 ± 5.3 42.6+53.7
−25.3 36.0+44.0

−12.8

D0 SPS: 112 ± 32, DPS: 57 ± 24 160+310
−97 87+106

−31

CMS 5.25 ± 0.52 1.43+2.07
−0.81 1.46+1.78

−0.52

ATLAS N/A 62.1+85.6
−34.8 39.1+47.7

−13.9

Table 1.2: Theoretical predication of σJ/ψJ/ψ ×B2
µ+µ. Units in pb for LHCb and CMS

and in fb for D0 and ATLAS. [35]

value of single J/ψ production at LHCb of 10.5 µb [22], and a value for σeff of 14.5 mb∗

[40]. A cross-section of 2 nb was calculated, which compares with the LO CS SPS

prediction of 3.2 nb.

Predictions have also been calculated using NRQCD; in Ref. [44] the DPS cross-section

is predicted to be ∼ 3.3 nb, using a value of σeff of 14.5 mb. A NLO NRQCD predic-

tion for DPS production at LHCb was calculated in Ref. [35], which used a value for

σeff of 5.0 mb [12] that has been more recently calculated in double J/ψ events (see

Sec. 1.5.1). The calculated values for LHCb and a number of other experiment can be

seen in Table. 1.2. Whilst the DPS predictions for LHCb are significant, the NLO SPS

predictions are already well above the measured cross-section, which leaves room for the

DPS yield only when the very large uncertainties are accounted for [35].

Theoretical kinematic distributions have also been calculated, with the aim of disentan-

gling the DPS and SPS components. DPS in double J/ψ production at the LHCb has

been simulated for a number of kinematic distributions in Ref. [45]. The difference in

azimuthal angle between the two J/ψ , ∆φ, is shown in Fig. 1.13(a). Naive expectations

for the SPS ∆φ distribution is that it would be characterised by the two J/ψ being

produced back-to-back [8], with the uncorrelated DPS being characterised by a flat ∆φ

distribution. Whilst it can be seen in Fig 1.13(a) that the DPS distribution follows

this pattern, the simple picture of back-to-back SPS production does not hold once the

effects of Initial State Radiation (ISR) and the intrinsic pT distribution of the partons,

are included. The difference in rapidity between the two J/ψ , |∆y|, could potentially be

more successful in distinguishing between DPS and SPS contributions. The theoretical

∗Ref [43] has suggested that errors in the calculation of σeff means this value should actually be
12.0 mb. However, this would not significantly alter the DPS cross-section prediction.
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FIG. 2: DPS and SPS cross sections for pp → J/ψJ/ψ +
X, as a function of minimum pT of J/ψ, constructed from
µ+µ− (upper panel), and the fraction of DPS events using
the “shower + intrinsic” SPS calculation (lower panel). Basic
selection cuts applied.

scattering, are based on the idea of pair–wise balancing.
For DPS, the two final state particles from the same hard
scatter will balance against each other on the plane trans-
verse to the collision axis, resulting in equal but opposite
transverse momenta. The balancing is exact at leading
order, but, as we will see in the following, radiation effects
can have significant impact and reduce the effectiveness
of these variables.

In our simulation, we consider events with four muons,
each required to have pT > 1 GeV, and to lie within pseu-
dorapidity range 2 < η < 4.5. Out of the two combina-
toric ways to form two J/ψ candidates, the combination
with invariant mass closest to the physical J/ψ mass is
chosen. In the rest of this Letter we refer to this set of
cuts as the ‘basic cuts’. Once the muon candidates fulfill
these cuts, 100% reconstruction and detection efficiency
is assumed. The same parameter values and PDFs as in
the calculation of Fig. 1 are used.

Fig. 2 shows the DPS and SPS cross sections as a func-
tion of the minimum pT of a muon pair, after applying
the basic cuts. In the upper panel, the effects of the par-
ton shower and the intrinsic pT –broadening on the SPS
predictions is shown. These effects are significant, due
to the low invariant mass of the two–J/ψ system. In the
lower panel, we see that the DPS fraction increases as
minimum pT decreases. Conversely, a cleaner SPS sam-
ple might be obtained by imposing a cut on the minimum
pT of the J/ψ.

The impact of the ISR and the intrinsic pT –broadening
is also demonstrated in Fig. 3, where we show the distri-
bution of ∆φ ≡ ∆φ(µ+µ−, µ+µ−), the azimuthal angular
separation between the two reconstructed J/ψ’s. As ex-
pected, the signal distribution is flat, a reflection of the
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FIG. 3: Angular separation ∆φ on the plane transverse to the
beam axis between the two J/ψ’s, reconstructed from µ+µ−

pairs, for DPS and SPS contributions to pp → J/ψJ/ψ + X.
Basic selection cuts applied.

BR2× cross sections [pb] at 7 TeV LHCb

DPS SPS

basic cuts 2.18 1.27

basic cuts +|∆y| > 1.0 0.48 0.07

basic cuts +|∆y| > 1.5 0.11 0.005

basic cuts +|∆y| > 2.0 0.007 < 0.001

TABLE I: DPS and SPS cross sections, including branching
ratios into muons. The first row shows the cross section af-
ter basic selection cuts, while the rest shows the impact of
an additional |∆y|min cut. For clarity, only the SPS result
with parton shower and intrinsic pT –broadening turned on is
shown.

independent scattering hypothesis. For the background,
while ∆φ = π at the parton level, the distribution is heav-
ily distorted in the presence of ISR and pT –broadening.
In particular, the ISR leads to distributions that are flat
or even peaked towards ∆φ = 0. We conclude that vari-
ables based on pair–wise balancing might not be the best
tools to distinguish between DPS and SPS in this partic-
ular analysis.

However, as we now demonstrate, it is possible to use
correlations along the longitudinal direction between the
two J/ψ mesons to extract the DPS signal. The idea re-
lies on the observation that in order to minimize the in-
variant mass of the J/ψ pair, the SPS background should
on average be characterized by a small rapidity separa-
tion (∆y). To see this, note that in a frame where the
pT of the J/ψ–pair is zero,

mJ/ψJ/ψ = 2
√

m2
J/ψ + p2

T cosh

(
∆y

2

)
, (5)

hence a small |∆y| is preferred. However, this constraint
does not apply to the DPS signal, which implies a broader

(a)

4

distribution. The small invariant mass of the system en-
sures that overall momentum conservation has negligible
impact on the y, and hence the |∆y|, distributions.
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FIG. 5: DPS and SPS cross sections for J/ψ–pair production
with basic selection cuts applied, as a function of a lower cut
|∆y|min on rapidity separation.

As shown in Fig. 4 the difference in |∆y| distributions
persists in the laboratory frame. As expected, the DPS
signal is broader and extends to higher values of |∆y|.
The distributions are also more stable against radiation
and intrinsic pT effects when compared with the ∆φ dis-
tributions, making the predictions more robust.

To extract the DPS signal, we apply a lower cut on
the rapidity separation, |∆y| > |∆y|min. The variation
of the cross section with |∆y|min is displayed in Fig. 5.
Clearly, the event sample becomes more dominated by
DPS contributions for higher values of |∆y|min. A sum-
mary of the results is displayed in Table I. In the current

(7 TeV) LHC run, an integrated luminosity of a few fb−1

is expected. By selecting the four–muon signal sample
using the basic cuts, a signal to background ratio of a
few to one may be achieved. Hence we conclude that
DPS can be measured at the LHCb in the four–muon
events already at this stage of LHC running.

Summary. Precise measurement of double parton
scattering processes at the LHC is an important step to-
wards understanding multiple interactions in hadron col-
lisions. The characteristics of the LHCb detector make it
particularly well suited to study DPS in the production
of a J/ψ–pair decaying into four muons. We observe that
the first LHCb data on the invariant mass distribution of
the J/ψ–pair system might already indicate a significant
contribution from the DPS production mechanism. The
studies presented in this Letter show that it is possible
to measure the DPS component in the four–muon events
at the LHCb already in the early stages of the LHC run-
ning, in particular with the help of the proposed rapidity
separation variable ∆y.
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[44].

|∆y| distribution is shown in Fig. 1.13(b); DPS is characterised by a much broader |∆y|

distribution than the SPS.

1.5.1 Experimental Results

The CMS collaboration has measured the differential cross-section as a function of the

absolute rapidity difference between the two J/ψ mesons, |∆y| [11], which can be seen in

Fig. 1.14. They report that there is evidence for an excess in production for |∆y| > 2.6,

which is a region that theoretical models suggest is populated exclusively with DPS

production.

The D0 collaboration at Fermilab have measured double J/ψ production as a function

of the absolute pseudorapidity difference between the two J/ψ particles [12], which is

shown in Fig. 1.15. Using MC simulation of double J/ψ SPS and DPS processes they

have individually fitted these contributions. In the region where the rapidity difference is

greater or equal to 2 it can be seen the DPS events dominate over the SPS. The fraction of

SPS events was found to be 0.70 ± 0.11 and the fraction of DPS events to be 0.30 ± 0.10.

Using these results they calculated a value for σeff as 5.0 ± 0.5(stat) ± 2.7(sys) mb.
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Figure 2: Differential cross section for prompt double J/ψ production as a function of the double
J/ψinvariant mass (MJJ, top left), the absolute rapidity difference between J/ψ mesons (|∆y|,
top right), and the double J/ψ transverse momentum (pJJ

T, bottom). The gray boxes represent
statistical errors only, and the error bars represent statistical and systematic errors added in
quadrature.

Figure 1.14: Differential cross-section for prompt double J/ψ production as a function
of the absolute rapidity difference between J/ψ mesons. The error bars show statistical
and systematic errors added in quadrature, the grey boxes represent statistical errors
only [11].
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function (plane) for the background. We use the fitted
parameters of the plane to estimate the background in
the selection window 2.85 < Mµµ < 3.35 GeV/c2 for
both J/ψ meson candidates and compute the fraction of
the accidental+DY backgrounds in the DJ events to be
facc,DY = 0.132 ± 0.025.

To estimate the fraction of the prompt double J/ψ
events, we use a template fit to the 2D cτ distribution in
DJ data. The cτ template for double prompt mesons is
obtained from the signal MC sample. The double non-
prompt template is created from the bb̄ MC sample, in
which B hadron decays produce two J/ψ mesons. We
also create a prompt+non-prompt template by randomly
choosing cτ values from the prompt and non-prompt tem-
plates. The prompt fraction of DJ events in our selec-
tion is found to be fprompt = 0.604 ± 0.086, while the
non-prompt and prompt+non-prompt events contribute
0.303 ± 0.065 and 0.093 ± 0.057, respectively. The main
source of systematic uncertainty for the prompt fraction
is the template fitting, and the uncertainty related with
the subtraction of the accidental and DY backgrounds
from the data.

We measure the acceptances, reconstruction, and se-
lection efficiencies separately for double J/ψ events on
SP and DP samples using a mixture of 90% color singlet
and 10% color octet samples, as predicted by NRQCD
[17] for our kinematic selection criteria. The code for the
predictions is implemented in the MC model DJpsiFDC
[35]. We use pythia for showering and fragmentation
of the gg → J/ψJ/ψ final state. Products of the ac-
ceptances and the selection efficiencies are found to be
(Aεs)

SP = 0.109±0.002(stat)±0.005(syst) for the SP and
(Aεs)

DP = 0.099 ± 0.006(stat) ± 0.005(syst) for the DP
events, where the systematic uncertainties arise from un-
certainties in the modeling of the J/ψ kinematics, muon
identification efficiencies and the possible non-zero J/ψ
polarization effects.

In this analysis, we measure the DJ production cross
section for the DP and SP scatterings separately. To
discriminate between the two mechanisms, we exploit
the distribution of the pseudorapidity difference between
the two J/ψ candidates, |∆η(J/ψ, J/ψ)| [6, 9]. We use
the DP and SP templates produced by MC to obtain
the DP and SP fractions from a maximum likelihood fit
to the |∆η(J/ψ, J/ψ)| distribution in DJ data. Contri-
butions from the accidental and DY backgrounds, non-
prompt and prompt+non-prompt double J/ψ events are
subtracted from data. The fit result is shown in Fig. 3.
In the region |∆η(J/ψ, J/ψ)| ! 2, the data are domi-
nated by DP events, as predicted in Ref. [6]. A possible
contribution from pseudo-diffractive gluon-gluon scatter-
ing should give a negligible contribution [6]. To estimate
the systematic uncertainties of the DP and SP fractions,
we vary the subtraction of accidental+DY, non-prompt
and prompt+non-prompt backgrounds within their un-
certainties. To conservatively estimate systematic uncer-

tainty related to the prompt+non-prompt background,
it is assumed to be either 100% SP- or DP-like. We also
create a data-like DP template combining two J/ψ me-
son candidates from two events randomly selected from
the single J/ψ data sample, emulating two independent
scatterings each with a single J/ψ final state. This tem-
plate is corrected for the accidental, DY and non-prompt
backgrounds in data. We extract the DP and SP frac-
tions from the fit to the DJ data sample. These results
are averaged over those obtained with the two SP and two
DP models. We find the fractions to be fDP = 0.30±0.10
and fSP = 0.70 ± 0.11. The main sources of the uncer-
tainties on DP (SP) fractions are the background sub-
traction, 28% (13%), the model dependence, 19% (7.6%),
and the template fit, 6.2% (3.2%). The uncertainty due
to the model dependence is estimated by varying the DP
(pythia and data-like) and SP (herwig++ and DJp-
siFDC) models. We verify that we do not introduce
a bias by determining the prompt, SP, and DP frac-
tions in data by doing two successive fits of the cτ and
|∆η(J/ψ, J/ψ)| distributions. For this purpose, we per-
form a simultaneous 2D fit for the non-prompt, SP, and
DP fractions using templates as functions of inclusive cτ
and |∆η(J/ψ, J/ψ)| to the data corrected for the acci-
dental, DY and prompt+non-prompt backgrounds. The
fractions of prompt DP and SP events determined by this
procedure are in agreement within uncertainties with the
central result obtained by the two successive fits.
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FIG. 3: (color online) The |∆η(J/ψ, J/ψ)| distribution of
background subtracted double J/ψ events after all selection
criteria. The distributions for the SP and DP templates are
shown normalized to their respective fitted fractions. The
uncertainty band corresponds to the total systematic uncer-
tainty on the sum of SP and DP events.

Figure 1.15: Differential cross-section for prompt double J/ψ production as a function
of the absolute pseudorapidity difference between J/ψ mesons. The uncertainty band
corresponds to the total systematic uncertainty on the sum of the SPS and DPS events
[12].
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1.6 Summary

Whilst quarkonia production has been studied for forty years, theoretical models fail

to fully describe both the kinematic and polarisation experimental data. Three main

models of production exist; the CS model, the CE model and NRQCD. As experimen-

tal uncertainties are already smaller than those of the theoretical models, it motivates

the study of further sources of quarkonium production, such as double J/ψ production.

Double J/ψ production can also offer insights into events with two hard scatterings,

which are expected to be significant in number at the LHC and are theorised to be char-

acterised by a broader difference in rapidity distribution than single parton scattering

events.

There are a number of theoretical predictions for double J/ψ production at LHCb. The

LO CS SPS model from Ref. [44] predicts a cross-section that is approximately three

fifths the magnitude of the previous measured cross-section. Double parton scattering

contributions to the cross-section may be as large, or larger than LO CS SPS contri-

butions [44]. Next to leading order CS contributions may also be significant [22] as

could NRQCD LO and NLO predictions [35], which therefore could reduce the need for

a substantial DPS component. Colour octet contributions are thought to be negligible

in the LHCb acceptance [35]. However, substantial theoretical uncertainties exist on all

these predictions.

This study will measure the total cross-section and differential cross-sections of double

J/ψ production, and compare these results to selected theoretical predictions.



Chapter 2

The LHCb Experiment

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [14] is designed to test the Standard Model (SM)

and probe for new physics, and is the most powerful particle accelerator ever built. The

LHC, as shown in Fig. 2.1, was constructed in collaboration with over 100 countries by

the European Organisation for Nuclear Research (CERN). Protons and heavy ions can

be accelerated inside a 26.7 km long ring situated 45 to 170 m beneath the border of

Switzerland and France.

Figure 2.1: The LHC ring and the injector complex.
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Particles are accelerated round the LHC ring by means of 1232 superconducting dipole

magnets. These magnets are cooled by superfluid helium to below 2 K and operate at

fields above 8 T. The LHC ring contains two vacuum cavities, with the polarity of the

magnetic field being opposite in each cavity, which means particles with the same charge

will travel in opposite directions in each cavity. The cross section of the LHC is shown

in Fig. 2.2. Superconducting quadrupole magnets focus the beam.

2008 JINST 3 S08001

Figure 3.3: Cross-section of cryodipole (lengths in mm).

an important operation for the geometry and the alignment of the magnet, which is critical for the
performance of the magnets in view of the large beam energy and small bore of the beam pipe.
The core of the cryodipole is the “dipole cold mass”, which contains all the components cooled
by superfluid helium. Referring to figure 3.3, the dipole cold mass is the part inside the shrinking
cylinder/He II vessel. The dipole cold mass provides two apertures for the cold bore tubes (i.e. the
tubes where the proton beams will circulate) and is operated at 1.9 K in superfluid helium. It has an
overall length of about 16.5 m (ancillaries included), a diameter of 570 mm (at room temperature),
and a mass of about 27.5 t. The cold mass is curved in the horizontal plane with an apical angle of
5.1 mrad, corresponding to a radius of curvature of about 2’812 m at 293 K, so as to closely match
the trajectory of the particles. The main parameters of the dipole magnets are given in table 3.4.

The successful operation of LHC requires that the main dipole magnets have practically iden-
tical characteristics. The relative variations of the integrated field and the field shape imperfections
must not exceed ∼10−4, and their reproducibility must be better than 10−4after magnet testing and
during magnet operation. The reproducibility of the integrated field strength requires close control
of coil diameter and length, of the stacking factor of the laminated magnetic yokes, and possibly
fine-tuning of the length ratio between the magnetic and non-magnetic parts of the yoke. The struc-
tural stability of the cold mass assembly is achieved by using very rigid collars, and by opposing
the electromagnetic forces acting at the interfaces between the collared coils and the magnetic yoke
with the forces set up by the shrinking cylinder. A pre-stress between coils and retaining structure

– 23 –

Figure 2.2: Cross section of the LHC dipole magnet [14].

Particles are accelerated in stages in the injector chain before transfer into the main

ring. LHC protons are first derived from a hydrogen source, which are then ionised.

The proton injection process begins with Linac2, where protons are accelerated to an

energy of 50 MeV before injection into the Proton Synchrotron Booster (PSB), which

increases the energy to 1.4 GeV. The Proton Synchrotron (PS) passes the protons onto

the Super Proton Synchrotron (SPS) once they have an energy of 25 GeV. The SPS

injects the particles into the main ring at an energy of 450 GeV. Heavy ions are instead

initially accelerated by Linac3. The injector chain is shown in Fig. 2.1.

There are four points around the main LHC ring where the beams are collided; at these

points lie the ATLAS, CMS, ALICE and LHCb experiments, as displayed in Fig. 2.1.



The LHCb Experiment 24

The ATLAS and CMS experiments are general purpose detectors, designed to hunt for

the Higgs boson and direct signals of new physics such as supersymmetry, as well as

making other physics measurements relevant to the energy frontier. Satisfying one of

their main analysis goals, on the 4th July 2012 ATLAS and CMS jointly announced the

discovery of a particle consistent with the Higgs boson [46] [47]. ALICE is optimised to

study the quark-gluon plasma that is produced in lead-lead collisions. LHCb is designed

to make precision measurements of bottom (B) and charm meson decays and is discussed

further in the next section.

2.2 The LHCb detector

The Large Hadron Collider Beauty (LHCb) experiment [13] is designed to make precision

measurements of CP violation and to search for new physics in quantum loop processes.

To this end, it is optimised to study B meson decays, which also makes it ideally suited

to study charm meson decays. It consists of a single-arm forward detector covering the

pseudorapidity range, η, between 2 and 5. This design is motivated by the fact that at

high energies the bb pairs are produced predominantly in the same forwards or backwards

cone, as show in Fig. 2.3.

3.3 LHCb 36

different momenta interact. Consequently, B hadron production at the LHC has the

following characteristics:

• The b and b̄ pairs produced predominantely take trajectories closely correlated to

one another, forming acute angles in the laboratory system. This is demonstrated

in Fig. 3.2

• The resulting B hadrons are highly boosted, predominantly along the beam axis.

These two features influence the design of the LHCb experiment and, as a result, it has

taken the form a single-arm spectrometer. This geometry provides an angular forward

acceptance from ∼ 10 mrad to 300 (250) mrad in the bending (non-bending) plane. The

experiment aims to exclusively reconstruct B mesons that fall within this acceptance

cone and reliably tag their b-quark flavour. To do so, the experiment requires precision

measurements of particle mass, identification and decay time, in addition to a highly

efficient trigger. These measurements are performed utilising information gathered

by the experiment’s many sub-detectors. Fig. 3.4 shows how these sub-detectors are

arranged to form the LHCb spectrometer.
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Figure 3.2: Angles formed with respect to
the beam axis by b- and b̄-hadrons, simu-
lated with the PYTHIA software package.
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3.3.1 Luminosity Considerations

Bunch crossings at the LHC’s nominal luminosity of ∼ 1034 cm−2s−1 typically involve

more than one inelastic proton-proton interation. Although a large number of bb̄-pairs

are subsequently produced, the track and vertex multiplicities in such scenarios are far

Figure 2.3: The polar angle of bb production in LHCb with respect to the beam line.
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The LHCb detector is shown in Fig. 2.4. The z axis is defined along the beam pipe, the

y axis in the vertical direction and the x axis, which with the z axis forms the bending

plane, completes the right handed coordinate system. LHCb covers a polar angle, θ,

from 10 mrad to 300 mrad along the y axis and from 10 mrad to 250 mrad along the x

axis.
3.4 LHCb Detector Overview 37
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Figure 3.4: Schematic of the LHCb detector shown in the non-bending plane. The
right-handed coordinate system used has the z axis along the beam direction, the y
axis vertically upwards and the x axis pointing towards the centre of the LHC ring.

too high to enable accurate B-meson reconstruction. It is, therefore, desirable to have

an operating situation where, on average, only one inelastic proton-proton interation

per bunch crossing occurs. Fig. 3.3 shows that the number of single interactions can

be maximised by running at a luminosity of ∼ 4 × 1032 cm−2s−1. Taking into account

additional factors, such as radiation damage to front-end electronics and detector oc-

cupancy, the average running luminosity chosen for LHCb is 2 × 1032 cm−2s−1. This

reduced luminosity is achieved by modifying the beam focus at the LHCb IP. With this

luminosity, it is anticipated that ∼ 1×1012 single-interaction bb̄-pairs will be produced

in 107 sec, corresponding to a canonical year’s worth of data tacking, i.e. 2 fb−1.

3.4 LHCb Detector Overview

LHCb will fully reconstruct exclusive decays of the B-meson in a variety of leptonic,

semi-leptonic and purely hadronic final states. In order to achieve this, and subse-

quently extract the physics of interest, the LHCb detector incorporates specialised

sub-detectors to perform the following important tasks:

• Proper-Time Determination: Time dependent CP analyses, typically involv-

ing neutral Bd or Bs mesons, require an excellent knowledge of the particles’

proper time. This, consequently, requires precision measurements of the meson

production (primary) and decay (secondary) vertices. Such measurements are

performed by the VErtex LOcator (VELO).

Figure 2.4: The LHCb detector in the x− y plane [13].

LHCb operates at a much lower luminosity than the maximum LHC design luminosity

of 1034 cm−2s−1, which is achieved by defocussing of the beams. The lower luminos-

ity means that the number of events with multiple collisions is reduced, which allows

events to be more cleanly reconstructed, particularly enhancing the ability to separate

prompt B hadron decays. Additionally, the lower luminosity lessens the damage to the

electronics and detector.

In the latter part of 2009, LHCb carried out its first pp collisions at
√
s = 0.9 TeV,

which allowed testing of the detector systems and physics data to be taken. In 2010,

the pp beam energy was increased to
√
s = 7 TeV. In the initial phase of running the

luminosity quickly increased from 1028 cm−2s−1 with few events with multiple collisions

(‘pileup’) to 1032 cm−2s−1 with up to 3 collisions per pp collision. This level of pileup

was 4 times the nominal value and caused by the low number of pp bunches in the
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ring. Despite running conditions being beyond design expectations, data taking was not

compromised. The integrated luminosity produced in 2010 was approximately 38 pb−1.

Figure 2.5: Average pile up as a function of time in 2011.

During 2011 the average luminosity was 2 × 1032 cm−2s−1, twice the nominal design

value. Pileup was reduced to around 1.5 due to the increased number of pp bunches in

the LHC, as shown in Fig. 2.5.

The beam energy was increased to
√
s = 8 TeV for data taking in 2012, producing an

integrated luminosity of over 2 fb−1. The integrated luminosity recorded by LHCb

in the period 2010 to 2012 is shown in Fig. 2.6. At the beginning of 2013, collisions

ceased for Long Shutdown 1 (LS1), in order that maintenance and upgrades on the LHC

accelerator and experiments could be performed. Operation will recommence in early

2015 at a centre of mass energy of
√
s = 13 TeV.

The subsystems that make up the LHCb detector are displayed in Fig. 2.4. The tracking

system, outlined in section 2.2.1, makes measurements of charged particle trajectories.

Accurate charged particle identification is carried out by two ring imaging Cherenkov

sub-detectors, as detailed in section 2.2.2. A dipole magnet, described in section 2.2.3,

provides a bending power of about 4 Tm. Photon, electron and hadron candidates are

identified by the calorimeter system, described in section 2.2.4, and muons are identified

by the muon system, as explained in section 2.2.5. The trigger selects interactions of

the most interest so they can be written to storage for further analysis, described in
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Figure 2.6: The integrated luminosity delivered by LHCb 2010 - 2012.

section 2.2.6. Analysis is carried out using the computing and software framework as

detailed in section 2.2.7.

2.2.1 Tracking

The tracking system is made up of the Vertex Locator (VELO), the Trigger Tracker (TT)

and Tracking Stations (T1-T2) [13]. The tracking system makes spatial measurements

of charged particle trajectories from which the momentum can be calculated.

2.2.1.1 The Vertex Locator (VELO)

The VELO [13] [48] allows production and decay vertices to be precisely reconstructed.

This ensures that decay lifetimes of B and charm mesons can be accurately measured and

primary and secondary vertices separated. The ability to distinguish detached vertices

can be used in the High Level Trigger (HLT) in order to enhance the B hadron content

of data. Additionally, the VELO provides precise measurement of the impact parameter

for charged tracks.

The VELO consists of 21 stations arranged along the beampipe, each measuring radial,

r, and azimuthal, φ, coordinates. In every VELO module these coordinates are measured

by two sensors called respectively the r-measuring sensor and the φ-measuring sensor,
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Figure 5.4: Sketch illustrating the rφ geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the φ -sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. The different arrangement of the bonding pads leads to the slightly
larger radius of the R-sensor; the sensitive area is identical.

is 38 µm, increasing linearly to 101.6 µm at the outer radius of 41.9 mm. This ensures that mea-
surements along the track contribute to the impact parameter precision with roughly equal weight.

The φ -sensor is designed to readout the orthogonal coordinate to the R-sensor. In the simplest
possible design these strips would run radially from the inner to the outer radius and point at the
nominal LHC beam position with the pitch increasing linearly with radius starting with a pitch of
35.5 µm. However, this would result in unacceptably high strip occupancies and too large a strip
pitch at the outer edge of the sensor. Hence, the φ -sensor is subdivided into two regions, inner
and outer. The outer region starts at a radius of 17.25 mm and its pitch is set to be roughly half
(39.3 µm) that of the inner region (78.3 µm), which ends at the same radius. The design of the
strips in the φ -sensor is complicated by the introduction of a skew to improve pattern recognition.
At 8 mm from the beam the inner strips have an angle of approximately 20◦ to the radial whereas
the outer strips make an angle of approximately 10◦ to the radial at 17 mm. The skew of inner and
outer sections is reversed giving the strips a distinctive dog-leg design. The modules are placed so
that adjacent φ -sensors have the opposite skew with respect to the each other. This ensures that
adjacent stations are able to distinguish ghost hits from true hits through the use of a traditional
stereo view. The principal characteristics of the VELO sensors are summarized in table 5.1.

The technology utilized in both the R- and φ -sensors is otherwise identical. Both sets of
sensors are 300 µm thick. Readout of both R- and φ -sensors is at the outer radius and requires
the use of a second layer of metal (a routing layer or double metal) isolated from the AC-coupled
diode strips by approximately 3 µm of chemically vapour deposited (CVD) SiO2. The second
metal layer is connected to the first metal layer by wet etched vias. The strips are biased using
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Figure 2.7: The VELO r-measuring sensor and φ-measuring sensor geometry. Only a
portion of the strips are illustrated for clarity. [13]

as shown in Fig. 2.7. The z coordinate is taken from the knowledge of the position

of the sensor. A radial coordinate system was chosen above a rectilinear, as it allows

for faster reconstruction of vertices and tracks for use in the trigger. The stations are

concentrated near the interaction point, as shown in Fig. 2.8, which reduces the average

extrapolation distance from the primary vertex to the first hit and improves impact

parameter measurements. The VELO detects particles from primary vertices in the

range |z| < 10.6cm, with pseudorapidity between 1.6 < η < 4.9, and is designed so that

all tracks in this acceptance pass through at least 3 VELO modules.

The VELO is housed in a secondary vacuum, separate from the primary detector vac-

uum, to protect the primary vacuum against outgassing from the modules. The sec-

ondary vacuum is maintained by a thin layer of corrugated aluminium, in order that

there is the minimum amount of material in the LHCb acceptance. The layer of alu-

minium also protects the module electronics against Radio Frequency (RF) pickup from

the LHC beams and is therefore termed RF-foil. The RF-foils form the inner faces of

the RF-boxes, which house the modules.

In order to operate as close to the beam as possible the VELO has a retractable design.

When closed, the minimum distance of the VELO from the beam axis is 7 mm but it

can be retracted to a distance of 3 cm, so as to not risk damage during beam injection.
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.
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Figure 2.8: VELO cross section in the (x,z) plane, at y=0, with the detector closed.
The two pile-up veto stations are located before the VELO sensors in the z direction.
A face view of one of the VELO modules in both closed and open position is also shown
[13].

To align the two halves of the VELO to the required relative accuracy of 100 µm, the

half-stations overlap and are displaced by 1.5 cm in the z direction from each other.

In addition to the VELO modules, there are two stations upstream named the pileup

veto system, which measure only radial coordinates. The pileup system provides an

estimate of the number of primary proton-proton interactions in each bunch crossing.

These stations are used by the L0 trigger in order to remove events with a high number

of multiple collisions.

The performance of the VELO was studied in Ref. [49] and Ref. [50]. The vertex

resolution along the x and y axis as a function of the number of tracks is shown and

compared to MC in Fig. 2.9(a); the performance of data and MC can be seen to be in

close agreement. The impact parameter resolution in the x direction as a function of the

inverse transverse momentum, (which is almost identical to that in the y direction [50]),

is shown in Fig. 2.9(b). In an average event the VELO has a spatial resolution of 4 µm

in the z direction and 10 µm in the x and y direction [49]. A proper time resolution of

approximately 50 fs was achieved.
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Figure 29: PV Resolution of events with exactly one PV in 2011 data as a function of track
multiplicity. (left) x (red) and y (blue) resolution and (right) z resolution. The fit parameters A,
B and C for each coordinate are given.

where A, B, C are constants.
In 2011 data it was found that a 25-track vertex has a resolution in the transverse plane

of 13 µm, while the resolution in z is 71 µm, as shown in Fig. 29. The 2011 simulation had
a resolution approximately 2 µm better than in the data. For data with an average number
of visible proton-proton interactions per bunch crossing of around 1.3, the average number
of tracks in a minimum bias event containing one PV is 55. The equivalent number in
an event in which a candidate B decay has been reconstructed is 120. As the number of
reconstructed PVs in the event increases, the resolution degrades. The rate of degradation
is approximately 5–10% per additional vertex. The vertex resolution results for 2012 data
are very similar.

The stability of the PV position has also been studied. In a single fill the PV position
was found to move in x and y by not more than 4µm and 2µm respectively. Based on
analysing a three-month data sample from 2012, the PV position in the LHCb coordinate
system was found to move by a maximum of 50 µm (RMS=16 µm). The VELO is centred
around the beam with a maximum variation of 20 µm in x and 40 µm in y. For a
conservative estimate we apply a safety factor of two to the total variation, and determine
that the beam stability with respect to the VELO is better than 100 µm.

5.4 Impact parameter resolution

The impact parameter (IP) of a track is defined as the distance between the track and
the PV at the track’s point of closest approach to the PV. The B and D mesons studied
in many LHCb analyses are long lived particles and hence their decay vertex is generally
displaced from the PV. The tracks made by particles coming from the decay of long lived
particles therefore tend to have larger IPs than those made by particles produced at the
PV. Consequently, cuts on the IP are very e↵ective at excluding prompt backgrounds,
and maximising the signal content of a data set. It is thus of great importance for an
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Figure 30: IPx and IPy resolution as a function of momentum (left) and IPx as a function of
1/pT and compared with simulation (right). Determined with 2012 data.
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Figure 31: IPx resolution as a function of azimuthal angle �, measured on 2011 data and
compared to simulation.

of the azimuthal angle �, as is shown in Fig. 31. The increase in material is reflected in
the increase in IP resolution about � = ±⇡/2, i.e. in the overlap region.

Thus, it can be seen that the VELO provides accurate IP measurements on which the
LHCb physics programme relies for the rejection of prompt backgrounds to long-lived
heavy flavour hadron decays. The IP resolution behaves as expected, with a roughly
linear dependence on 1/pT , and a clear dependence on both the hit resolution and the
distribution of material.
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(b)

Figure 2.9: (a) The vertex resolution along the x (red) and y (blue) axis as a function
of the number of tracks, for events with one primary vertex, for 2011 data [50]. (b) The
impact parameter resolution in the x direction as a function of the inverse transverse
momentum, for 2012 data and MC [50].

2.2.1.2 The Trigger Tracker and Tracking Stations

The TT is positioned upstream of the RICH1, immediately before the magnet, and

provides fast measurement of momentum for use in the HLT trigger. It also provides

information for long lived particles decaying outside the VELO and is the only tracking

station for low momentum particles, which the magnet deflects out of the acceptance.

The TT is 150 cm wide and 130 cm high, and covers the full LHCb acceptance with

an active area of 8.4 m2. It uses silicon microstrip sensors with a strip pitch of around

200 µm and is composed of 4 detector layers. There are vertical strips in the first

and last layer, measuring the x co-ordinate. In order to allow 3D track reconstruction,

the second and third layers are rotated by a small stereo angle, with the second layer,

denoted u layer, rotated by -5 ◦, and the third, v layer, rotated by + 5 ◦. To aid the track

reconstruction algorithm the four layers are arranged into two pairs, x − u and v − x,

separated by 27 cm along the beam axis. The TT has a single hit spatial resolution of

about 50 µm.

The tracking stations T1-T2 are located downstream of the magnet. Two types of

detectors make up these stations; Inner Tracker (IT) [51] and Outer Tracker (OT) [52].

The IT is a silicon strip detector with strip pitch of around 200 µm. The IT has

an active area of 4.0 m2 in a cross shaped configuration in the centre of the tracking

stations, measuring approximately 120 cm wide and 40 cm high, as shown in Fig. 2.11.
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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw
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Figure 5.19: Layout of the third TT detection layer. Different readout sectors are indicated by
different shadings.

volume is continuously flushed with nitrogen to avoid condensation on the cold surfaces. To aid
track reconstruction algorithms, the four detection layers are arranged in two pairs, (x,u) and (v,x),
that are separated by approximately 27 cm along the LHC beam axis.

The layout of one of the detection layers is illustrated in figure 5.19. Its basic building block
is a half module that covers half the height of the LHCb acceptance. It consists of a row of seven
silicon sensors organized into either two or three readout sectors. The readout hybrids for all read-
out sectors are mounted at one end of the module. The regions above and below the LHC beampipe
are covered by one such half module each. The regions to the sides of the beampipe are covered
by rows of seven (for the first two detection layers) or eight (for the last two detection layers) 14-
sensor long full modules. These full modules cover the full height of the LHCb acceptance and are
assembled from two half modules that are joined together end-to-end. Adjacent modules within
a detection layer are staggered by about 1 cm in z and overlap by a few millimeters in x to avoid
acceptance gaps and to facilitate the relative alignment of the modules. In the u and v detection
layers, each module is individually rotated by the respective stereo angle.

A main advantage of this detector design is that all front-end hybrids and the infrastructure
for cooling and module supports are located above and below the active area of the detector, outside
of the acceptance of the experiment.

TT detector modules

The layout of a half module is illustrated in figure 5.20. It consists of a row of seven silicon sensors
with a stack of two or three readout hybrids at one end. For half modules close to the beampipe,
where the expected particle density is highest, the seven sensors are organized into three readout
sectors (4-2-1 type half modules).

For the other half modules, the sensors are organized into two readout sectors (4-3 type half
modules). In both cases, the first readout sector (L sector) is formed by the four sensors closest to
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(b)

Figure 2.10: (a) The TT and T1- T2 stations. (b) Layout of the third TT detector
layer [13].

The OT consists of straw tube detectors of 4.9 mm diameter and 75 µm thick walls. The

detectors are divided in this way due to the very high particle flux close to the beam

pipe; the IT has ∼ 2 % of the acceptance area but receives 20 % of the tracks.

2008 JINST 3 S08005

Figure 5.23: View of the four IT detector boxes arranged around the LHC beampipe.

Figure 5.24: Layout of an x detection layer in the second IT station.

IT detector modules

An exploded view of a detector module is shown in figure 5.25. The module consists of either one
or two silicon sensors that are connected via a pitch adapter to a front-end readout hybrid. The
sensor(s) and the readout hybrid are all glued onto a flat module support plate. Bias voltage is
provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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Figure 2.11: Layout of an x detector layer in a IT station [13].

2.2.1.3 Track Reconstruction

Information from the VELO, TT, IT and OT detectors are combined in order to recon-

struct the trajectories of charged particles. Tracks are classified into separate categories

depending on which tracking subsystems the particles have traversed:

• Long tracks: Tracks which have hits in all of the elements that make up the track-

ing, from the VELO to the T stations, are classified as long tracks. These tracks
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have the best determination of momentum and are therefore the most important

for physics analysis.

• Upstream tracks: These tracks only have hits in the VELO and TT stations.

Such tracks are normally lower momentum tracks, which the magnetic field has

diverted out of the detector acceptance. As these particles pass through the RICH,

they may emit Cherenkov photons and are useful in understanding backgrounds

in the RICH.

• Downstream tracks: Tracks with hits only in the TT and T stations are classified

as downstream tracks. These are generally decay products of longer lived particles

that decay outside of the VELO.

• VELO tracks: Wide angle tracks that only have hits in the VELO are classified

as VELO tracks, which are useful for reconstructing the primary vertex.

• T tracks: These only have hits in the T stations and normally come from particles

that are produced in secondary interactions.

The various track types are illustrated in Fig. 2.12.
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Figure 10.1: A schematic illustration of the various track types: long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a function
of the z coordinate.

velocities above threshold. They are therefore used to understand backgrounds in the RICH
particle identification algorithm. They may also be used for b-hadron decay reconstruction
or flavour tagging, although their momentum resolution is rather poor.

• Downstream tracks, traversing only the TT and T stations. The most relevant cases are the
decay products of K0

S and L that decay outside the VELO acceptance.

• VELO tracks, measured in the VELO only and are typically large angle or backward tracks,
useful for the primary vertex reconstruction.

• T tracks: are only measured in the T stations. They are typically produced in secondary
interactions, but are useful for the global pattern recognition in RICH 2.

The track reconstruction starts with a search for track seeds, the initial track candidates [222],
in the VELO region and the T stations where the magnetic field is low. After tracks have been
found, their trajectories are refitted with a Kalman filter [223] which accounts for multiple scatter-
ing and corrects for dE/dx energy loss. The quality of the reconstructed tracks is monitored by the
c2 of the fit and the pull distribution of the track parameters.

The pattern recognition performance is evaluated in terms of efficiencies and ghost rates. The
efficiencies are normalized to the reconstructible track samples. To be considered reconstructible,
a track must have a minimum number of hits in the relevant subdetectors. To be considered as
successfully reconstructed, a track must have at least 70% of its associated hits originating from
a single MonteCarlo particle. The reconstruction efficiency is defined as the fraction of recon-
structible tracks that are successfully reconstructed, and the ghost rate is defined as the fraction of
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Figure 2.12: Schematic illustration of the LHCb track types, with the main magnetic
field component (By) plotted above for reference as a function of the z coordinate [13].
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2.2.2 The RICH

Particle identification (PID) is paramount for LHCb, particularly the ability to distin-

guish pions from kaons in B meson decays. Particle identification is carried out with two

Ring Imaging Cherenkov Detectors, RICH1 and RICH2 [53] [13], which between them

cover the momentum range from 1 GeV/c to approximately 100 GeV/c. The RICH de-

tectors are optimised to distinguish charged pions from kaons but also to discern protons

and, in combination with the calorimeter system, electrons, as shown in Fig. 2.13.
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ∼8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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Figure 2.13: Cherenkov angle versus particle momentum for the three RICH radia-
tors [13].

Cherenkov radiation is emitted at a fixed angle, θc, when a charged particle passes

through a dielectric medium at a velocity greater than the velocity of light in that

material. RICH detectors determine the velocity of a charged particle from measurement

of the Cherenkov angle. The relation between the Cherenkov angle, θc, and the refractive

index of the radiative material, n, and β the ratio of the velocity of the particle to that

of the speed of light in a vacuum is given by

cos(θc) =
1

nβ
. (2.1)
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The above equation can be rewritten in terms of the mass, m, and momentum, p, of the

particle

cos(θc) =
1

n

√
1 +

(
m

p

)2

. (2.2)

From this equation it can be seen that by measuring the Cherenkov angle, refractive

index and momentum of a particle, its mass can be calculated and hence the particle

type can be determined.

Both RICH1 and RICH2 have two sets of mirrors: the primary spherical mirrors,
augmented by the array of secondary (a.k.a. plane, flat), much flatter mirrors. Photons
are reflected off a primary mirror onto a secondary mirror, from where they are de-
flected out of the LHCb acceptance onto the plane of photon detectors, which coincides
with the focal plane of the given part of the optical system. The RICH1/RICH2 optical
system consists of 4/56 primary and 16/40 secondary mirrors. The layouts of the RICH

(a) (b)
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Figure 1: Schematic view of the LHCb RICH detectors and their optical systems: (a) side
view of RICH1 and (b) top view of RICH2. Formation of a Cherenkov ring in the lower part
of RICH1 is also illustrated.

optical systems are shown in Fig. 1 and are described in more detail elsewhere [3, 4],
while the structures of the mirror arrays and their numbering orders are schematically
drawn in Figs. 5 and 6 of Section 3.

Right-handed coordinate system of each mirror segment is defined in the following
way: the origin is at the centre of curvature with x-axis pointing towards the mirror,
y-axis points upwards, while the corresponding z-axis is horizontal. Finally, the pivot
point for software rotations around y and z axes is at the centre of the mirror surface.

To achieve optimal performance of the LHCb RICH detector we aim to minimize the
uncertainty, σ, associated with the measurement of a single photon Cherenkov angle.
This is limited by four main sources of uncertainty outlined in Table 1. Adding them in
quadrature gives the minimal total uncertainty, that is aimed at through the alignment.

2

Figure 2.14: (a) The RICH1 and (b) RICH2 detectors [13].

RICH1 covers the low momentum tracks in the range 1→ 60 GeV/c and is the furthest

upstream of the RICH detectors. It covers the entire LHCb acceptance from ± 25 mrad

to ±300 mrad (horizontal) and ± 250 mrad (vertical). RICH1 uses aerogel and C4F10

radiators. The aerogel has a refractive index of 1.03 at λ = 400 nm and is composed of

hydroscopic silica aerogel. The C4F10 radiator has a refractive index of 1.0014.

RICH2 is placed downstream of the magnet and covers a momentum range of 15 GeV/c

to beyond 100 GeV/c. It has a smaller acceptance than RICH1, from ± 15 mrad to

±120 mrad (horizontal) and ± 100 mrad (vertical), which is targeted in the region where

high momentum particles are produced, as illustrated in Fig. 2.15. RICH2, uses a CF4
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radiator and CO2 in order to reduce scintillation light. The CF4 radiator has a refractive

index of 1.0005.

for the selection of such rare decays.
Identifying kaons from the accompanying b

hadron decay in the event also provides a valu-
able flavour tag, and ensures that all events
accepted by the LHCb trigger are potentially
useful in the CP violation measurements. The
flavour tag is achieved by identifying kaons
from the b → c → s cascade decay, where the
charge of the kaon depends on the charge of
the initial b quark.

Finally, the particle-identification system
can complement the calorimeters and muon
system in the identification of electrons and
muons. For high mass particles it can provide
an improved momentum determination.

The particle identification should cover the
full angular acceptance of the LHCb spectrom-
eter, from 10 mrad to 300 mrad in the hor-
izontal (x, z) projection and to 250 mrad in
the vertical (y, z) projection. The upper limit
in momentum required for π–K separation is
determined by tracks from two-body B-decay
channels, as shown in Fig. 4 (a); 90% have
p < 150GeV/c. The identification of tagging
kaons and tracks from high multiplicity decays
determines the requirement for the lower mo-
mentum limit. As shown in Fig. 4 (b), identi-
fication down to 1GeV/c is desirable.

1.2 RICH system overview

The only feasible technique that can cover the
required momentum range is the detection of
ring images of Cherenkov light produced by
the passage of charged particles through vari-
ous radiators. To cover the full range, three
radiators are required, with different refrac-
tive indices. Silica aerogel, with n = 1.03,
is suitable for the lowest momentum tracks,
whilst the intermediate region is well matched
to gaseous C4F10. For the highest momentum
tracks, gaseous CF4 is used.

There is a strong correlation between the
polar angle and momentum of tracks, as seen
in Fig. 5: at wide angles, the momentum spec-
trum is softer. The RICH system is there-
fore divided into two detectors. An upstream
detector (RICH1) contains both the aerogel
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Figure 4: Momentum distributions for (a) the
highest momentum pion from B0

d → π+π− decays,
(b) tagging kaons.

and C4F10 radiators, covering the full outer
acceptance of LHCb. To minimize the re-
quired photodetector area it is sited close to
the interaction region, and upstream of the
spectrometer dipole to catch particles that will
be swept out of the acceptance by the mag-
net. A downstream detector (RICH2) has a
CF4 radiator, to analyse the high-momentum
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Figure 5: Polar angle θ versus momentum, for
all tracks in simulated B0

d → π+π− events. The
regions of interest for RICH1 and RICH2 are in-
dicated by the dashed lines.

2

Figure 2.15: Polar angle, θ, versus momentum, for tracks in simulated B0
d → π+ π−.

The acceptance of the RICH1 and RICH2 detectors is shown [53].

In both RICH detectors the Cherenkov light is focused using a combination of flat

and spherical mirrors, as shown in Fig. 2.14. Hybrid Photo Detectors (HPD), which are

located outside the LHCb acceptance and protected from high magnetic fields by external

iron shields, detect the Cherenkov photons. When the Cherenkov photons hit the HPD

photocathode that surrounds the inner vacuum tube, it releases a photoelectron, which

is accelerated by an applied voltage of between 10 to 20 kV, onto a silicon detector. The

mean number of photoelectrons per track is 6.7 for the aerogel, 30.3 for C4F10 and 21.9

for CF4. A diagram of a HPD detector is shown in Fig. 2.16.

Particle identification is carried out by comparing the Cherenkov angle distribution with

the expected distributions for the different particle hypothesis, using a log-likelihood

technique. The hits in the HPD are combined with the reconstructed tracks and knowl-

edge of the RICH geometry, in order to calculate the Cherenkov angle. The potential

Cherenkov angle is calculated for all pixel-track combinations that could physically be

associated, for all three radiators simultaneously and the likelihood is maximised by

varying the particle hypothesis through electron, muon, kaon and proton for all tracks.
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4.2. The LHCb detector 57
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Figure 4.10: Schematic view of an HPD. Single photons are observed by production of a photo-
electron that is accelerated across an 18 kV potential and focused onto a silicon pixel sensor [90].

4.2.6 Calorimetry

The calorimetry system is designed to identify photons, electrons and hadrons as well as

to provide energy and position measurements. The system is comprised of the Scintillating

Pad Detector (SPD), Pre-Shower (PS), Electromagnetic Calorimeter (ECAL) and Hadron

Calorimeter (HCAL). Each detector employs polystyrene scintillating tiles that are sen-

sitive to the passage of charged particles. Neutral particles are indirectly observable

by the showers of charged particles produced from interactions with layers of lead or

iron absorber. The scintillation light is read out through wavelength-shifting fibres to

Photomultiplier Tubes (PMTs).

The SPD and PS scintillating layers are separated by a 14 mm-thick lead absorber,

equivalent to two radiation lengths (X0) or 0.1 interaction lengths (λI), and are used to

distinguish between electrons, photons and pions. Electrons produce a minimum ionising

particle (MIP) signal in the SPD and shower through to the PS. Photons are detectable

only by the shower after the absorber. Pions will not shower over this short interaction

length and produce a MIP signal in both scintillators.

The ECAL and HCAL are both designed to measure energy, following the “shashlik”

(Russian for “kebab”) model. Multiple alternating layers of scintillator and absorber detect

and contain the entire shower for the best energy estimate. The ECAL has a thickness

of 25 X0 (or 1.1λI), fully containing electromagnetic showers. The HCAL is the most

downstream detector and utilises thicker absorber layers (16 mm iron compared to 2 mm

lead in the ECAL), equivalent to 5.6λI. The energy resolutions for both calorimeters are

Figure 2.16: Diagram of a pixel HPD [13].

This technique is known as ‘global pattern recognition’. The global technique is much

more accurate than calculating the likelihood for each track individually, where the

main photon background is from neighbouring tracks. Fig. 2.17 shows the reconstructed

Cherenkov angles as a function of the track momentum in the RICH1 radiator, with the

events of different mass distributed into distinct bands.

The performance of the RICH detectors has been studied using data from 2010 and

2011 [54]. The Cherenkov angular resolution for the RICH1 C4F10 radiator has been

found to be 1.618 ± 0.002 mrad, which compares to the expectation from simula-

tion of 1.52 ± 0.01 mrad. The RICH2 CF4 radiator has an angular resolution of

0.68 ± 0.02 mrad, which is in excellent agreement with prediction from simulation of

0.68 ± 0.01 mrad. In 2010 and 2011 running the aerogel was found to have an angular

resolution of about 5.6 mrad, which is around 1.8 times worse than expected from simu-

lation. This degradation in performance was thought to be largely caused by absorption

of the RICH1 C4F10 gas by the porous aerogel. In 2012, the aerogel was separated from

the RICH1 gas.
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! logL, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called sP lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! logL distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! logL(K − π) versus
! logL(p −π). Each particle type is seen within a quadrant
of the two dimensional ! logL space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! logL(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! logL(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large

Figure 2.17: Reconstructed Cherenkov angle as a function of track momentum for the
C4F10 radiator in RICH1 [54].

2.2.3 The Magnet

In LHCb, the measurement of charged particle momentum is enabled with a warm dipole

magnet [55] [13], which bends the tracks of charged particles in the x − z plane. The

magnet consists of two identical saddle shaped coils with sloping poles, symmetrically

placed along the z plane, as shown in Fig. 2.18. This shape was designed to fit the LHCb

acceptance of ±250 mrad vertically and of ± 300 mrad horizontally. Each magnet coil

consists of fifteen ‘pancakes’ arranged in five groups of three. The magnet is cooled by

the use of water.

The integrated magnetic field of a particle traversing the 10 m length of the tracking

system is 4 Tm. The desired momentum resolution of the magnetic field integral
∫
Bdl

is of the order of 10−4. To achieve this precision, a 3D Hall probe was designed to scan

along the z axis of LHCb. From this, a momentum resolution of ∆p/p = 0.4 % up to

200 GeV/c is attained [13].

The magnet polarity can be periodically reversed during data taking, in order to reduce

systematic errors from possible left-right asymmetries.
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Figure 4.1: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet.

coils with respect to the measured mechanical axis of the iron poles with tolerances of several
millimeters. As the main stress on the conductor is of thermal origin, the design choice was to
leave the pancakes of the coils free to slide upon their supports, with only one coil extremity kept
fixed on the symmetry axis, against the iron yoke, where electrical and hydraulic terminations
are located. Finite element models (TOSCA, ANSYS) have been extensively used to investigate
the coils support system with respect to the effect of the electromagnetic and thermal stresses
on the conductor, and the measured displacement of the coils during magnet operation matches
the predicted value quite well. After rolling the magnet into its nominal position, final precise
alignment of the yoke was carried out in order to follow the 3.6 mrad slope of the LHC machine
and its beam. The resolution of the alignment measurements was about 0.2 mm while the magnet
could be aligned to its nominal position with a precision of ±2 mm. Details of the measurements of
the dipole parameters are given in table 4.1. A perspective view of the magnet is given in figure 4.1.

The magnet is operated via the Magnet Control System that controls the power supply and
monitors a number of operational parameters (e.g. temperatures, voltages, water flow, mechanical
movements, etc.). A second, fully independent system, the Magnet Safety System (MSS), ensures
the safe operation and acts autonomously by enforcing a discharge of the magnet if critical param-
eters are outside the operating range. The magnet was put into operation and reached its nominal
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Figure 2.18: Perspective view of the LHCb dipole magnet. Units displayed are in
mm [13].

2.2.4 The Calorimeter System

The calorimeter system [56] [13] provides electron, photon and hadron identification,

energy and position measurements and is one of the main components of the L0 trigger.

The electron L0 trigger, for example, uses the calorimeter system to select events with

the highest ET, in order to reject 99 % of inelastic proton proton interactions and enrich

the proportion of B hadron events by a factor of 15. In order to carry out these functions

a number of different components are combined within the calorimeter system.

The most downstream component of the calorimeter system is a Scintillator Pad detector

(SPD). Ionising particles in the SPD cause scintillator light which can be used by the

trigger to select charged particles. Upstream of the SPD is a 12 mm lead wall, which

initiates electromagnetic showering to be detected by a Preshower detector (PS). The L0

uses this information to distinguish photons, electrons and π0. The PS is followed by the

Electro-magnetic Calorimeter (ECAL) which is succeeded by the Hadron Calorimeter

(HCAL).
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Figure 6.21: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are given for the
ECAL.

6.2.1 General detector structure

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) has been adopted. The most demanding identification is that of electrons. Within the
bandwidth allocated to the electron trigger (cf. section 7.1.2) the electron Level 0 trigger is required
to reject 99% of the inelastic pp interactions while providing an enrichment factor of at least 15
in b events. This is accomplished through the selection of electrons of large transverse energy
ET . The rejection of a high background of charged pions requires longitudinal segmentation
of the electromagnetic shower detection, i.e. a preshower detector (PS) followed by the main
section of the ECAL. The choice of the lead thickness results from a compromise between
trigger performance and ultimate energy resolution [122]. The electron trigger must also reject a
background of π0’s with high ET . Such rejection is provided by the introduction, in front of the
PS, of a scintillator pad detector (SPD) plane used to select charged particles. A thin lead converter
is placed between SPD and PS detectors. At Level 0, the background to the electron trigger will
then be dominated by photon conversions in the upstream spectrometer material, which cannot
be identified at this stage. Optimal energy resolution requires the full containment of the showers
from high energy photons. For this reason, the thickness of ECAL was chosen to be 25 radiation
lengths [123]. On the other hand, the trigger requirements on the HCAL resolution do not impose
a stringent hadronic shower containment condition. Its thickness is therefore set to 5.6 interaction
lengths [124] due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (shown in figure 6.21)
since the hit density varies by two orders of magnitude over the calorimeter surface. A segmenta-
tion into three different sections has been chosen for the ECAL and projectively for the SPD/PS.
Given the dimensions of the hadronic showers, the HCAL is segmented into two zones with larger
cell sizes.

All calorimeters follow the same basic principle: scintillation light is transmitted to a Photo-
Multiplier (PMT) by wavelength-shifting (WLS) fibres. The single fibres for the SPD/PS cells are
read out using multianode photomultiplier tubes (MAPMT), while the fibre bunches in the ECAL
and HCAL modules require individual phototubes. In order to have a constant ET scale the gain in
the ECAL and HCAL phototubes is set in proportion to their distance from the beampipe. Since
the light yield delivered by the HCAL module is a factor 30 less than that of the ECAL, the HCAL
tubes operate at higher gain.

– 97 –

Figure 2.19: The calorimeter lateral segmentation with the SPD, PS and ECAL on the
left and HCAL on the right. Only one quarter of the detector front face is displayed
[13].

Hit density in the PS, SPD, ECAL and HCAL detectors varies by over two orders of mag-

nitude and therefore they each have variable lateral segmentation, as shown in Fig. 2.19.

These calorimeters all work in the same manner; scintillator light is transmitted to a

Photo-Multiplier (PMT) by Wavelength-Shifting fibres (WLS), which is then read out.

In the SPD and PS system the single WLS fibres are read out with multianode photo-

multiplier tubes (MAPMT). In the ECAL and HCAL the WLS fibre bunches are read

out using individual phototubes.

The ECAL, placed 12 m away from the interaction point, is composed of alternating slices

of lead and scintillator material; a design that is known as ‘shashlik’. It provides a rapid

readout, reliability and radiation resistance but only has a modest energy resolution.

The lead slices are 2 mm thick with 4 mm thick scintillator tiles. The ECAL resolution,

extracted from fits to test beam data, is given by

σE
E

=
10%√
E
⊕ 1% (2.3)

where E is in GeV and ⊕ means sum in quadrature [13].

The HCAL, situated 13.3 m from the interaction point, is 8.4 m high, 6.8 m wide and

1.65 m deep. It uses a similar design to the ECAL but utilises iron rather than lead.

The HCAL has a resolution of

σE
E

=
69± 5%√

E
⊕ (9± 2)% (2.4)

where E is in GeV [13].
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To achieve the expected energy resolution measured in the test environment the com-

ponents of the calorimeter must be properly calibrated. During 2011 and 2012 the

components of the calorimeter system were all calibrated within design requirements

[57]. Additionally, effects due to the radiation ageing of the detector must be taken into

account. These effects can be compensated for by modifying the photomultipier gains

and the calibration constants so that the physics results are unaffected [58].

2.2.5 The Muon System

The muon system [59] [13] provides fast identification of muons and measurement of

their pT for use in the trigger. The ability to identify muons cleanly is hugely important

for the main physics goals of LHCb, as muons are present in the final states of many B

meson decays, which potentially may be sensitive to CP violation and physics beyond

the SM. Muons are also very important for the study of quarkonia and are used in this

thesis to reconstruct the decay of two J/ψ to four muons.

2008 JINST 3 S08005
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Figure 6.46: Side view of the muon system.

Appropriate programming of the L0 processing unit (see section 7.1.2) allows the muon trig-
ger to operate in the absence of one station (M1, M4 or M5) or with missing chamber parts, al-
though with degraded performance (worse pT resolution).

The layout of the muon stations is shown in figure 6.47. Each Muon Station is divided into
four regions, R1 to R4 with increasing distance from the beam axis. The linear dimensions of the
regions R1, R2, R3, R4, and their segmentations scale in the ratio 1:2:4:8. With this geometry,
the particle flux and channel occupancy are expected to be roughly the same over the four regions
of a given station. The (x,y) spatial resolution worsens far from the beam axis, where it is in any
case limited by the increase of multiple scattering at large angles. The right part of figure 6.47
shows schematically the partitioning of the station M1 into logical pads and the (x,y) granularity.
Table 6.5 gives detailed information on the geometry of the muon stations.

Simulation

A complete simulation of the muon system was performed using GEANT4. Starting from the
energy deposits of charged particles in the sensitive volumes, the detector signals were created and
digitized taking into account detector effects such as efficiency, cross-talk, and dead time as well as
effects arising from pile-up and spill-over of events occurring in previous bunch crossings [167].
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Figure 2.20: The muon system along the y-z plane [13].

The muon system consists of five stations (M1-M5). Station M1 is located just before

the calorimeter and stations M2-M5 are the furthest downstream detector elements, as

shown in Fig. 2.20. In order to select penetrating muons, 80 cm iron absorbers are



The LHCb Experiment 41

placed between stations M2-M5. As such, to cross all five muon stations a muon must

have a minimum momentum of about 6 GeV/c.

The muon stations are divided into rectangular ‘logical pads’ with dimensions being that

of the x, y resolution, as shown in Fig. 2.21. The M1-M3 stations have been designed

with high spatial resolution in the x coordinate. These stations are used to measure the

track direction and calculate the pT of the muon with resolution of 20%. Additionally

M1 is used in the trigger to improve pT measurement. Stations M4 and M5 have a lower

spatial resolution and are used to identify penetrating muons. In order to compensate

for the differing particle flux with distance from the beam axis, the detectors are split

into four regions R1, R2, R3 and R4, the dimensions of these segments being in the ratio

1:2:4:8, as shown in Fig. 2.21. With this segmentation, the particle flux is approximately

equal over the four regions. The transverse dimensions of M1- M5 scale with increasing

distance from the interaction point, as displayed in Fig. 2.20.
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Figure 6.47: Left: front view of a quadrant of a muon station. Each rectangle represents one
chamber. Each station contains 276 chambers. Right: division into logical pads of four chambers
belonging to the four regions of station M1. In each region of stations M2-M3 (M4-M5) the number
of pad columns per chamber is double (half) the number in the corresponding region of station M1,
while the number of pad rows per chamber is the same (see table 6.5).

A realistic simulation of the detector occupancy requires the detailed description of the cav-
ern geometry and of the beam line elements and the use of very low energy thresholds in GEANT4.
The CPU time needed for such a simulation would be prohibitive for the stations M2–M5 inter-
leaved with iron filters. The strategy chosen to overcome this problem was therefore to generate
once for all a high statistics run of minimum bias events with low thresholds. The distributions of
hit multiplicities obtained were parametrized and then used to statistically add hits to the standard
LHCb simulated events. The latter were obtained by running GEANT4 at higher thresholds and
with a simplified geometry of the cavern and the beam line [168]. Simulated events have been ex-
tensively used to evaluate the rates in the various detector regions in order to establish the required
rate capabilities and ageing properties of the chambers and to evaluate the data flow through the
DAQ system [169]. At a luminosity of 2×1032 cm−2 s−1 the highest rates expected in the inner
regions of M1 and M2 are respectively 80 kHz/cm2 and 13 kHz/cm2 per detector plane. In the de-
tector design studies, a safety factor of 2 was applied to the M1 hit multiplicity and the low energy
background in stations M2-M5 has been conservatively multiplied by a factor of 5 to account for
uncertainties in the simulation.

Detector technology

The LHC bunch crossing rate of 40 MHz and the intense flux of particles in the muon system [169]
impose stringent requirements on the efficiency, time resolution, rate capability and ageing char-
acteristics of the detectors, as well as on the speed and radiation resistance of the electronics.
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Figure 2.21: Left: Front view of one quadrant of a muon station, with each rectangle
representing one chamber. Right: Division into logical pads of four chambers belonging
to the four regions of station M1 [13].

The muon system uses Multi Wire Proportional Systems (MWPS) to detect particles

in all but the inner section of M1. In this region triple-GEM (Gas Electron Multiplier)

detectors are employed, as the particle rate exceeds the safety limits for the ageing of

the MWPS detectors. The muon trigger requires aligned hits in each of the five muon

detectors within a timescale of less than 25 ns.
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Figure 2.22: The muon efficiency as a function of momentum [60].

The performance of muon identification at LHCb was investigated using 1 fb−1 of 2011

data [60]. In Fig. 2.22 the efficiency of finding hits in the muon chambers for tracks

extrapolated to the muon system is shown as a function of muon momentum. The

average efficiency is 98.13 ± 0.04 % for particles with p greater than 3 GeV/c and pT

larger than 0.8 GeV/c. This value is in good agreement with expected values from

simulation.

2.2.6 Trigger

The LHCb trigger [13] [61] [62] selects interactions of the most interest so they can

be written to storage for further analysis. There are two trigger levels in the LHCb

experiment; the Level Zero Trigger (L0) and the High Level Trigger (HLT), which con-

sists of HLT1 and HLT2. Together, the L0 and HLT triggers reduce the rate of visible

interactions seen by the LHCb spectrometer from 40 MHz down to 2 kHz.

The L0 trigger reduces the beam crossing rate of 40 MHz to 1 MHz and is implemented

in hardware. A L0 Decision Unit (DU) combines information from the pileup system,
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the calorimeters and the muon chambers to make a decision to accept or reject a bunch

crossing.

The pileup system provides an estimate of the number of primary proton-proton inter-

actions in each bunch crossing; if multiple crossings are found then the event is rejected.

The high invariant mass of the B and charm mesons means that the daughter particles

generally have high pT and ET. The L0 calorimeter trigger is designed to select high

ET hadron, electron and photon clusters, by adding the ET in sets of 2 x 2 cells and

selecting those with the highest ET. The muon system provides a rough standalone

estimate of the muon pT, with a resolution of the order of 20 %. The L0 muon trigger

selects the two muons with the highest pT in each of the muon detector quadrants.

In order to reduce the processing time per event, events which have an excessive multi-

plicity of tracks are removed, which are identified using the number of hits in the SPD

system.

Additionally, events without any visible interactions are removed by requiring a mini-

mum total ET from the HCAL.

HLT1 and HLT2 are implemented in software via a C++ application. Together, the

HLT triggers reduce the rate of events to approximately 2 kHz. The HLT has access to

the full event data but the system is designed to conserve CPU by rejecting undesirable

events without carrying out the full reconstruction.

The events that are selected by the L0 trigger are flagged according to the criteria

that selected them; events can belong to the muon, hadron, electron or photon ‘alley’.

Approximately 15 % of the L0 events are selected by multiple sources and are therefore

assigned to more than one alley. The first part of HLT1 checks the decision made by

the L0 trigger, in a process called L0 confirmation. This is carried out by reconstructing

the candidate tracks in the VELO and the tracking stations in order to reduce the error

on the pT. In the second part of HLT1 additional requirements, for example that tracks

have a high pT and impact parameter, reduce the data flow to a rate of approximately

30 kHz.
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The rate of events accepted by HLT1 is low enough for HLT2 to use a largely complete

track reconstruction to select events using criteria such as the invariant mass and the

pointing of momentum towards the primary vertex. Tighter cuts on pT and the impact

parameter than previously used are also included. The data are divided into different

lines, created using a variety of selection criteria, which are optimised for various LHCb

analyses.

The overall trigger data flow is shown in Fig. 2.23.
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Figure 7.9: Flow-diagram of the different trigger sequences.

addition, a software emulator was developped which reproduces the behaviour of the hardware at
the bit level. By comparing results computed by the hardware with those of the emulator run on
the same input data, any faulty components can quickly be located.

7.2 High Level Trigger

The High Level Trigger (HLT) consists of a C++ application which runs on every CPU of the Event
Filter Farm (EFF). The EFF contains up to 2000 computing nodes and is described in section 8.
Each HLT application has access to all data in one event, and thus, in principle, could execute the
off-line selection algorithms. However, given the 1 MHz output rate of the Level-0 trigger and
CPU power limitations, the HLT aims to reject the bulk of the uninteresting events by using only
part of the full event data. In this section, the algorithm flow is described which, according to
MonteCarlo simulation studies, is thought to give the optimal performance within the allowed time
budget. However, it should be kept in mind that since the HLT is fully implemented in software, it
is very flexible and will evolve with the knowledge of the first real data and the physics priorities
of the experiment. In addition the HLT is subject to developments and adjustments following the
evolution of the event reconstruction and selection software.

A schematic of the overall trigger flow is shown in figure 7.9. Level-0 triggers on having at
least one cluster in the HCAL with Ehadron

T > 3.5 GeV, or the ECAL with Ee, γ, π0

T > 2.5 GeV, or a
muon candidate in the muon chambers with pµ

T > 1.2 GeV, or pµ1
T + pµ2

T > 1. GeV, where µ1 and µ2

are the two muons with the largest pT. The above thresholds are typical for running at a luminosity
of 2× 1032 cm−2s−1, but depend on luminosity and the relative bandwidth division between the
different Level-0 triggers. All Level-0 calorimeter clusters and muon tracks above threshold are
passed to the HLT as part of the Level-0 trigger information as described in section 7.1.2, and will
be referred to as Level-0 objects henceforward.

The HLT is subdivided in two stages, HLT1 and HLT2. The purpose of HLT1 is to reconstruct
particles in the VELO and T-stations corresponding to the Level-0 objects, or in the case of Level-0
γ and π0 candidates to confirm the absence of a charged particle which could be associated to these
objects. This is called Level-0 confirmation, and the details of how this is achieved within the
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Figure 2.23: Flow diagram of the L0 and HLT trigger sequences [13].

2.2.7 Computing and Software

In order for physics analysis to be performed, the output of the detectors must be

reconstructed and the response of the spectrometer simulated. In LHCb these tasks are

mostly carried out using the C++ Gaudi [63] [64] [65] framework, of which the main

components are Gauss, Boole and Brunel.

Gauss generates particles and simulates their passage through the LHCb detector. Par-

ticle generation is carried out with Pythia [66], which has been tuned with a specific

LHCb configuration. The decays of hadronic particles are described by EvtGen [67],

with the final state radiation generated by Photos [68]. To simulate the interac-

tion of the particles with the detector material and recreate the detector response

Geant4 [69] [70] is used as described in [71].

Boole simulates the detector response, including detector imperfections and resolution

effects. It also carries out a digitisation process so that simulated data are in the same
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format as is read out from the experimental sub detectors, although simulation data

additionally include the Monte Carlo truth information. After digitisation, MC and

data can be treated identically in the trigger, reconstruction and analysis procedures.

Reconstruction of both simulated and experimental data are carried out with Brunel.

Analysis is carried out with the DaVinci package, which provides information for event

selection, such as kinematic data, decay chains and particle identification.

A schematic view of the Gauss application structure is shown in Fig. 2.24.

Figure 2. Schematic view of the structure of the Gauss Application.

sequences by using a combination of Run, Event Number and algorithm name. The Run and
Event Number are stored in the generated event and read back when initializing the simulation
phase to ensure the event reproducibility.
Two types of Gauss output are predefined, reflecting the two common ways of running the
application:

(i) generator-only mode (”gen” output),

(ii) full simulation mode (”sim” output).

In the full simulation mode, together with the generator output, the information of the evolution
of particles through the detector and of the hits produced is also stored.
The simulation application is independent from the underlying persistent technology. Currently,
LHCb is using POOL [9] for the event data files and ROOT [10] for histograms and ntuples to
save the information on disk, but this could be changed at any time, without affecting the actual
simulation application.

3.1. Generator Sequence
In LHCb the production of particles coming out of the primary pp collision of the LHC beams is
handled by default with PYTHIA [11], a general purpose event generator, whilst the decay and
time evolution of the produced particles is delegated to EvtGen [12]. This package, originally
designed for the BaBar collaboration, is specialized to accurately describe B decays with a
special customization for LHCb needed to handle incoherent B0 and B0

s production in contrast
to the coherent production at the B-factories.
The Generation algorithm uses tools that can be plugged in, realizing specific actions: generation
of number of pile-up events, generation of a given event sample, production of N p-p interactions,
generation of beam parameters, decay of unstable particles, cut at generator level on the decay,
cut on full event properties and smearing of the primary vertex.
Each tool has a generic interface and at least one specific implementation allowing to reuse a
large amount of common code and resulting in a higher flexibility.
It is already few years that this tool structure has been adopted, allowing to smoothly add new
external generator libraries as Pythia8 [13] or HERWIG++ [14] for production of pp interactions
or SHERPA [15] for particles decays.

3.2. Tracking through the detector
In Gauss the simulation of the physics processes undergone by the particles travelling through
the detector, is delegated to the Geant4 toolkit. Gaudi specialized service components (GiGa

International Conference on Computing in High Energy and Nuclear Physics (CHEP 2010) IOP Publishing
Journal of Physics: Conference Series 331 (2011) 032023 doi:10.1088/1742-6596/331/3/032023

3

Figure 2.24: Schematic view of the Gauss application structure [65].



Chapter 3

The RICH Alignment System

Ring imaging Cherenkov (RICH) detectors were proposed by J. Seguinot and T. Ypsi-

lantis in 1977 [72] and were first used for particle identification at the E605 experiment

at Fermilab in 1981 [73]. They have since been employed at a number of experiments,

including HERAb [74] and DELPHI [75]. At LHCb, particle identification is carried out

with two such detectors, RICH1 and RICH2.

3.1 RICH Resolution

The LHCb RICH detectors combine the measurement of the Cherenkov angle with an

estimate of the momentum from the tracking system in order to determine a particle’s

identity. The ability to separate particle species is dependant upon the angular resolution

of the detector, as is shown below.

In the limit of small Cherenkov angles and for large momentum (p � m), Eqn. 2.2,

describing the relation between the Cherenkov angle, the refractive index of the radiative

material and the ratio of the velocity of the particle to that of the speed of light in a

vacuum becomes

1− θ2
c

2
≈ 1

n

(
1 +

m2

2p2

)
(3.1)

46
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For two charged particles with the same momentum but different masses, the difference

of the square of their Cherenkov angles is given by

θ2
2 − θ2

1 = − 1

n

∆(m2)

p2
(3.2)

where ∆(m2) is the difference in the masses of the two particles. Substituting in

∆θC = θ2 − θ1

∆θC · (θ2 + θ1) = − 1

n

∆(m2)

p2
(3.3)

The maximum value the Cherenkov angle can take for a given refractive index of n is

when β = 1 and therefore Eqn. 2.1 simplifies to

cos(θmax) =
1

n
. (3.4)

When the value of the refractive index is close to 1, i.e. (n− 1)� 1, then Eqn. 3.4 can

be approximated using a Taylor expansion to

θmax ≈
√

2(1− 1

n
). (3.5)

Assuming that θ1 and θ2 can be approximated by θmax and therefore substituting

Eqn. 3.5 into Eqn. 3.2 we get

∆θC = − 1

2n
√

2(n2 − 1)

∆(m2)

p2
(3.6)

If the Cherenkov angles follow a Gaussian distribution of width σθ, then the number of

sigma, nσ, separating two charged particles of the same momentum but different mass

is simply given by

nσ =
∆θC
σθ

= − 1

2nσθ
√

2(n2 − 1)

∆(m2)

p2
(3.7)

This equation makes clear that the particle identification performance is dependant upon

the resolution of the Cherenkov angle.

The Cherenkov resolution in the LHCb RICH detector is dominated by four sources of

uncertainty [53]:
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Table 3.1: Sources of Cherenkov angular uncertainty for each of the three RICH radi-
ators [53].

σ(θC)(mrad)

Aerogel C4F10 CF4

Emission point 0.4 0.8 0.2
Chromatic dispersion 2.1 0.9 0.5

Pixel size 0.5 0.6 0.2
Tracking 0.4 0.4 0.4

Total 2.6 1.5 0.7

• Emission point: When a track traverses a radiative material in the RICH de-

tectors, photons are emitted uniformly along its length. As the emission point

of a photon is unknown, the Cherenkov angle is reconstructed assuming that the

photon originated from the midpoint of the particle track through the medium.

The error in the emission point coupled with the tilted geometry of the spherical

mirrors causes the reconstructed Cherenkov angle to differ from the true value,

which leads to a smearing of the Cherenkov angle.

• Chromatic dispersion: The refractive index of the radiator has a dependence

upon the wavelength of the Cherenkov photons. As the wavelength of the photons

is unknown, the uncertainty in the refractive index leads to an uncertainty in the

Cherenkov angle.

• Pixel size: The finite size of the HPD pixels places a limit on the resolution.

• Tracking: The Cherenkov angle is measured with respect to tracks, therefore, un-

certainty in the track position results in an associated uncertainty in the Cherenkov

angle.

The magnitude of these sources of angular uncertainty are listed in Table. 3.1.

3.2 RICH Alignment and Calibration

The performance of the RICH detector depends strongly upon it being properly aligned

and calibrated, such that the associated errors are small compared to the errors listed
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in the previous section.

A number of components are required to be aligned with an accuracy of 0.1 mrad

with respect to the tracking system. A sequential process is utilised, starting with

aligning the entire RICH detector with the global LHCb coordinates, followed by each

detector half, every mirror segment and ending with the alignment of the individual

HPD detectors [54]. Misalignment of the RICH detectors with respect to the tracking

results in a shift of the track from the centre of the corresponding Cherenkov ring. In

addition, a number of components need to be calibrated or monitored:

• HPD calibration: The HPD detectors are sensitive to stray magnetic fields from

the LHCb magnet. Although the HPD units are encased in magnetic shielding,

residual magnetic fields exist of up to 2.4 mT in RICH1 and 0.6 mT in RICH2 [54].

RICH1 and RICH2 have separate systems in order to calibrate the magnetic field,

although both employ a similar method. RICH1 has a dedicated calibration sys-

tem, the Magnetic Distortion Calibration System (MDCS), which produces a re-

producible pattern of light spots in order to illuminate the HPD array, which can

be compared with the magnet on and off. As the magnetic field is generally longi-

tudinal with respect to the axis of the tube, it tends to cause a rotation and slight

increase in size of the image. RICH2 employes a similar technique using a com-

mercial light projector. Using these methods the distortion due to the magnetic

field is reduced so that it is smaller than the irreducible uncertainty due to the

finite pixel size [13].

In addition, the magnetic field strength inside the HPD can change on the timescale

of hours, therefore additional corrections are calculated. This is carried out for

each HPD using a procedure which fits a circle to the HPD image.

• Refractive index calibration: The refractive index of the gas radiators has

a dependence upon the ambient temperature and pressure, which requires cor-

rections be applied on the timescale of hours. High momentum charged particle

tracks are used to calculate the difference between the expected and measured
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Cherenkov angle, the distribution of which peaks at zero for an aligned system.

The refractive index of the aerogel does not change as a function of time [54].

Additionally, the purity of the gas radiators is monitored by measuring the speed

of sound in the gas. The purity is also periodically checked with the aid of a gas

chromatograph [13].

• Mirror alignment: The individual mirror segments that make up the primary

and secondary mirrors of RICH1 and RICH2 are aligned to the tracking system.

The mirror alignment procedure is detailed in the next section.

Additionally, a selection of mirror segments in RICH1 and RICH2 are monitored

for stability using a laser beam and cameras, which detects movement of reference

mirrors [13].

3.3 RICH Mirror Alignment Procedure

In the RICH detectors, Cherenkov radiation is focused onto HPD detectors, which lie

outside of the LHCb acceptance, using a combination of spherical ‘primary’ mirrors and

flat ‘secondary’ mirrors. Due to their large size, the primary and secondary mirror planes

are subdivided into a number of smaller segments, with RICH1 consisting of 4 primary

and 16 secondary mirrors, and RICH2 having 56 primary and 40 secondary mirrors. The

mirrors are classified, depending on which side of the beam pipe they lie, into ‘left-hand

side’ and ‘right-hand side’ mirrors. The division and numbering of the RICH2 mirrors

are shown in Fig. 3.1.

A change in alignment of the RICH mirrors results in a shift of the Cherenkov photons in

the HPD plane as shown in Fig. 3.2. However, the reconstructed extrapolated position

of the associated track on the HPD plane will not change. This results in a displacement

of the track from the centre of the associated Cherenkov ring.

The RICH mirror alignment procedure is carried out with collision data, using a method

based on that developed by the HERAb experiment [74]. A misaligned mirror can be

discerned by analysing the difference between the measured Cherenkov angle, θC , and
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Because the magnification factors are slightly altered after the mirror adjustment, we
are unable to find the final solution of the system of equations in one pass. Therefore,
we iterate over the same data until the calculated remaining misalignments, αy

p, α
z
p, β

y
s

and βz
s , are less than 0.1 mrad.

3.4.2 RICH2 alignment

The geometrical layout of the RICH2 detector is significantly different to that of
RICH1, and therefore we cannot find the mirror misalignments with the same method.

The RICH2 detector has 56 primary (mostly hexagonal) and 40 secondary (rectangu-
lar) mirror segments. Each hexagonal segment can be inscribed in a circle of a radius of
rm = 251 mm. The maximum base radius of the Cherenkov cones on the primary mir-
rors is rCh = 55 mm, therefore probability of having a ring imaged by only one primary
mirror segment is pCh ≈ 1 − rCh/rm ≈ 78%, which makes easier pattern recognition and
correction in case of mirror misalignments [10].

All mirrors are divided into two decoupled systems: 48 on the left of the beam, and
48 on the right of the beam. This gives 96 unknown parameters for each side (tilts
around y and z axes for each mirror). Their numbering schema is shown in Fig. 6
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Figure 6: RICH2 mirror segmentation and the numbering schema, viewed along the beam.
The beampipe is at the centre.

However, only 47 out of 48 possible tilts around each axis are independent, because
if we simultaneously rotate all primary mirrors by one angle and all secondary mirrors
by the corresponding angle in the opposite direction, the ring position will not change.

Tables 4, 5 and 6 – each in its own way – present the set of pairs chosen for the
alignment procedure. The goal is to have consistent system of equations for determining
the individual misalignments. In particular, it is seen (most apparently from Table 6),
that each secondary mirror is paired with at least two primary mirrors. Overall, use-
ful mirror pairs are selected such that all mirrors are linked together. By fixing the

10

Figure 3.1: The RICH2 mirror segmentation and numbering schema, viewed in x, y
plane with the beampipe at the centre [76].
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Figure 3.1: Mirror numbering convention for (a) the spherical mirror plane, and (b)
the flat mirror plane in the left-hand side of RICH2. The gap next to spherical mirror
12 is for the beam pipe.

a) b)

Figure 2: a) Schematic illustration of how rotational misalignment of a RICH
mirror (a RICH2 primary mirror rotated around y-axis in this example) causes
shift of the actual centre P 0 of the Cherenkov ring on the photon detector plane.
b) The expected Cherenkov angle projection ✓C and the reconstructed Cherenkov
angle ✓, are displayed shifted by �z and �y. P marks position of the extrapolated
track projection calculated without corrections for the misalignment of the mirrors,
while P 0 is the actual (unknown) position of the centre of the ring. Cherenkov
angles ✓ are evaluated relative to P , and therefore, vary with �.

The momentum of the track, p, is measured by the LHCb tracking stations.61

� is the refractive index of the radiator of the RICH detector traversed by the62

charged particle. We select high momentum tracks: in this limit the mass63

di�erence between pions and kaons becomes insignificant and the Cherenkov64

angle is said to reach saturation. At saturation all particles tend to the same65

value of �C. We can approximate all particles to be pions, thus the mass, m, is66

assumed to be that of a charged pion. Figure 3 shows the saturation of �C in67

the RICH1 gaseous radiator. An aligned system results in �� being constant68

with �. It can be seen from Fig. 2 that any small enough misalignment69

results in an approximately sinusoidal distribution of �� against �.70

Theoretically, to associate “Cherenkov angle” with a photon hit at the71

detector plane, we need to “reconstruct” the photon, i.e. to appropriately72

connect its point of emission, via two reflections, with the given hit. Analysis73

of MC events has shown [4] that to reduce noise from the photons falsely74

associated with a given track, only “unambiguous” hits should be chosen.75

An “unambiguous” hit yields reflection of the corresponding hypothetical76

photon o� the same pair of mirrors even if assumed to be emitted at the77

4

Figure 3.2: The e↵ect of a tilted mirror segment. A small tilt causes a shift of the
Cherenkov photon on the HPD plane, resulting in a translation of the photon ring [40].

Figure 3.2: Schematic illustration of the effect of a misaligned mirror segment. A
small tilt of the primary mirror causes a shift of the Cherenkov photons on the HPD
plane [76].

the expected Cherenkov angle for an aligned system, θ0, as a function of the azimuthal

angle, φ, around the ring. This difference can be written as

∆θ = θC − θ0 (3.8)

In a misaligned system ∆θ will have a dependence on φ, as shown in Fig. 3.3(a), whereas

in an aligned system there will be no dependence, as in Fig. 3.3(b).

The mirror alignment is carried out with high momentum tracks. At high momentum the

Cherenkov angles of the different particles tends to the same value, as shown in Fig. 2.13,
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Figure 3.4: ∆θ vs. φ histograms for one of the RICH1 mirror pairs (a) before and (b)
after mirror alignment [40].

Using the relations

cosψ =
θx

θr
and sinψ =

θy

θr
, (3.12)

Equation 3.11 can be written as

∆θ +
1

2θ0

�
∆θ2 − θ2

r

�
= −θr

�
θx

θr
cosφ− θy

θr
sinφ

�
= θy sinφ− θx cosφ. (3.13)

Making the assumption that misalignments are small, i.e. ∆θ, θr � θ0, Equation 3.13

becomes

∆θ = θy sinφ− θx cosφ. (3.14)

Here θx and θy represent the combined tilts of spherical and flat mirrors about the x and

y axes1. Such a distribution can be seen in Figure 3.4 for photons reflecting from one

spherical segment and one flat segment in RICH1, before and after mirror alignment,

using real collision data.

To measure misalignments of all of the individual mirror segments, a system of simul-

taneous equations is used [40], each of which represents a “mirror pair” (a pairing of

a spherical and a flat segment, for example, spherical mirror 12 and flat mirror 9 in

RICH2, referred to as mirror pair 1209). The list of mirror pairs is chosen so that each

flat mirror is paired with at least two spherical mirrors.

1θx and θy also incorporate “magnification coefficients” which relate the displacement of the
Cherenkov rings to physical mirror tilts.

(a)

Event selection for RICH mirror alignment 52

 [rad]φ
0 2 4 6

 [
ra

d
]

θ
∆

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

(a)

 [rad]φ
0 2 4 6

 [
ra

d
]

θ
∆

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

(b)

Figure 3.4: ∆θ vs. φ histograms for one of the RICH1 mirror pairs (a) before and (b)
after mirror alignment [40].

Using the relations

cosψ =
θx

θr
and sinψ =

θy

θr
, (3.12)

Equation 3.11 can be written as

∆θ +
1

2θ0

�
∆θ2 − θ2

r

�
= −θr

�
θx

θr
cosφ− θy

θr
sinφ

�
= θy sinφ− θx cosφ. (3.13)

Making the assumption that misalignments are small, i.e. ∆θ, θr � θ0, Equation 3.13

becomes

∆θ = θy sinφ− θx cosφ. (3.14)

Here θx and θy represent the combined tilts of spherical and flat mirrors about the x and

y axes1. Such a distribution can be seen in Figure 3.4 for photons reflecting from one

spherical segment and one flat segment in RICH1, before and after mirror alignment,

using real collision data.

To measure misalignments of all of the individual mirror segments, a system of simul-

taneous equations is used [40], each of which represents a “mirror pair” (a pairing of

a spherical and a flat segment, for example, spherical mirror 12 and flat mirror 9 in

RICH2, referred to as mirror pair 1209). The list of mirror pairs is chosen so that each

flat mirror is paired with at least two spherical mirrors.

1θx and θy also incorporate “magnification coefficients” which relate the displacement of the
Cherenkov rings to physical mirror tilts.

(b)

Figure 3.3: ∆θ vs. φ for a mirror pair in the RICH1 detector (a) before alignment
(b) after alignment [76].
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0

0
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r y

Figure 5.2: An exaggerated misalignment between LHCb’s RICH and tracking systems is shown
projected on to the photon detector plane as a translation, θr, of the track away from the centre
of the Cherenkov ring (black dot → white dot). For a given Cherenkov photon, this translation
results in a change to the measured radius, ∆θ = θC − θ0, which is dependent on ring angle, φ.

where ψ is the opening angle of the right-angled triangle formed by θx and θy. Substituting

for Eqn. 5.3 gives:

(θ0 + ∆θ)2 = θ2
0 + θ2

r − 2θ0θr cos(φ+ ψ)

θ2
0 + 2θ0∆θ + ∆θ2 = θ2

0 + θ2
r − 2θ0θr cos(φ+ ψ)

∆θ +
1

2θ0

(∆θ2 − θ2
r) = −θr cos(φ+ ψ) .

The cosine of the two summed angles can be expanded,

= −θr[cosφ cosψ − sinφ sinψ]

and using the trigonometric relations for the right-angled triangle (θx, θy, θr),

= −θr

�
θx

θr

cosφ− θy

θr

sinφ

�

= θy sinφ− θx cosφ .

For small misalignments, i.e. small θr and ∆θ, this equation may be reduced to:

∆θ ≈ θy sinφ− θx cosφ . (5.4)

5.4.2 Simulations

Misalignments of various components in the RICH system can be simulated within the

LHCb software framework (Section 4.2.8). This framework is modular, allowing any step to

Figure 3.4: Schematic illustration of Cherenkov ring misalignment, with the misalign-
ment exaggerated for illustrative purposes.The actual Cherenkov ring centre is displaced
by a distance θr from the reconstructed track trajectory, which is shown as an empty
circle. The reconstructed Cherenkov angle is shown by θC and the expected Cherenkov
angle is θ0. The horizontal and vertical displacements are given by θx and θy. [77].

and the particles are said to be ‘saturated’. All particles can then be approximated as

pions, and the mass can be assumed to be that of a pion. In RICH2 a minimum

momentum of 40 GeV is used for alignment.

The horizontal and vertical components of the translation between the expected ring

centre and misaligned, θx and θy as shown in Fig. 3.4, can be related to ∆φ. The

relationship between θC , θ0 and the displacement of the ring centre with respect to the

track, θr is derived, following the example in Ref. [77], firstly using the cosine rule

θ2
C = θ2

0 + θ2
r − 2θ0θr cos(φ+ ψ) (3.9)
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where ψ is the angle of the right handed triangle that is formed by the displacement

components of θx and θy. Adding in Eqn. 3.8 the expression becomes

(θ0 + ∆θ)2 = θ2
0 + θ2

r − 2θ0θr cos(φ+ ψ) (3.10)

which can be rearranged to

∆θ +
1

2θ0
(∆θ2 − θ2

r) = −θr cos(φ+ ψ) (3.11)

Expanding the cosine of the summed angles leads to

∆θ +
1

2θ0
(∆θ2 − θ2

r) = −θr(cosφ cosψ − sinφ sinψ) (3.12)

which, using trigonometric relations for sinφ and cosφ, becomes

∆θ +
1

2θ0
(∆θ2 − θ2

r) = θy sinφ− θx cosφ (3.13)

This can be approximated for small misalignments to

∆θ = θy sinφ− θx cosφ. (3.14)

where θx and θy represent the combined tilts of the primary and secondary mirrors in

the x and y direction. They therefore incorporate factors that relate the displacement

of the Cherenkov rings to actual physical mirror tilts, called ‘magnification coefficients’.

The individual mirror tilts in the y direction are given by

ltotθy ≈ lpri2αy − lsec2βy (3.15)

where ltot is the total path of the photons to the photodetectors, lpri is the total length

from the primary mirror and lsec is the length from the secondary mirror and αy and βy

represent the tilt in the y direction of the primary and secondary mirrors respectively.

The factor 2 arises, as a rotation of a mirror by an angle θ results in a deflection of the
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mirrors by 2θ in the HPD plane, as shown in Fig. 3.2. Rearranging Eqn. 3.15 gives

θy ≈
lpri
ltot

2αy −
lsec
ltot

2βy ≈ Ayαy +Byβy (3.16)

where Ay and By are the magnification coefficients in the y direction. Similarly, the tilts

in the x direction are given by

θx ≈
lpri
ltot

2αx +
lsec
ltot

2βx ≈ Axαx +Bxβx (3.17)

In RICH2, in order to calculate the misalignment of the individual mirrors, a system

of equations of primary and secondary ‘mirror pairs’ is used. The pairs are chosen so

that each secondary mirror is paired with at least two primary mirrors, such that all the

mirrors are linked together on each side of the beam pipe. One primary mirror is fixed

in position on the left hand side (primary mirror 12, as shown in Fig. 3.1) and right

hand side (primary 43) of the mirrors, which allows the misalignment of the associated

secondary mirror to be found with respect to the fixed mirror. In turn, the now aligned

secondary mirror’s position is fixed to enable the next primary mirror in the chain to

be aligned. This process is repeated until all mirrors have been aligned. The system

and sequence of mirror pairs for the left hand side mirrors is illustrated in Fig. 3.5. The

mirror pairs chosen are from the strongest pair populations in each primary mirror.

For each mirror pair, the distribution of ∆θ versus φ is plotted in 20 bins of φ. Inside

each of the 20 bins, the ∆θ distribution is fitted with a Gaussian for the signal, and the

background is fitted with a second order polynomial, in order to extract the peak value

of ∆θ, as shown in Fig. 3.6. The peak value of ∆θ for each of the 20 bins in φ is plotted

and is fitted with an equation of the form of Eqn. 3.16, as is shown in Fig. 3.3(a), in

order to extract the misalignment coefficients.

As it is not known where along a track’s path in the radiator a photon is emitted,

it is assumed all photons are emitted at the path’s midpoint. In order to reduce the

background in the alignment, only photons where the reconstruction results in it being

reflected by the same primary and secondary mirror pair regardless of where it was

emitted along the track, are used. Such photons are known as ‘unambiguous’ photons.
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Table 4: Chosen 47 p, s (primary,secondary) mirror combinations grouped by primary mirror
numbers (left-hand side of RICH2).

27,19 26,18 25,17 24,16

22,19 21,18 20,17 20,16
23,15 22,15 21,14 20,13

19,15 18,14 17,13 16,12
19,11 18,10 17,9 16,8

15,11 14,11 14,10 13,10 13,9 12,9 12,8

11,11 10,10 9,9 8,8
11,7 10,6 9,5 8,4

7,7 6,7 5,6 4,5
6,3 5,2 4,1 4,0

3,3 2,2 1,1 0,0

combined with at least two secondary mirrors. Overall, useful mirror combinations are
selected such that all mirrors are linked together. By fixing the misalignment of one of
the primary mirrors (12) we find the misalignment of the secondary mirror with which
it forms a combination. This secondary mirror also forms combination with another
primary mirror which allows to find its misalignment in turn. This linking continues until
all mirrors in each side of RICH2 are related.

3 02 1

3 2 1 0

7 46 5

15 1214 13

7 6 5 4

11 10 9 8

15 14 13 12

19 18 17 16

11 810 9

19 1618 17

27 2426 25

23 2022 21

Figure 7: RICH2 (left-hand side) mirror combining and the system of equations solving schema.
Grey square boxes – secondary mirrors, hexagonal or trapezoidal boxes – primary ones. Arrows
show the substitution sequence (starting with primary 12, which is fixed) while solving the
system of equations 3.

Consistent set of combinations is not unique. So we have chosen the set with maximal

11

Figure 3.5: Schematic diagram illustrating the system of equations linking all primary
mirrors (red hexagon and half-hexagon) and secondary mirrors (grey squares) on the
left hand side of the beam pipe, with numbering corresponding to Fig 3.1. Arrows
indicate the sequence in which the misalignments are solved, starting from the fixed
primary mirror 12 [76].
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Figure 3.5: (a) A sinusoidal fit to the � distribution of the �✓ peak positions for RICH2
mirror pair 2218. (b) A fit to the � slice between 162� and 180� degrees.

Each of the �✓ vs. � distributions (one per mirror pair) is divided into twenty slices

in �. To find the �✓ peak position of each � slice, the �✓ projections are fit with a

Gaussian signal component plus a first order polynomial background component. An

example is shown in Figure 3.5 for mirror pair 2218 in RICH2. Once all of the peak

positions are found, their � distribution is fit with a sinusoidal function of the form

shown in Equation 3.14, allowing extraction of misalignment parameters.

To enable accurate estimation of the expected Cherenkov angle, ✓0, only high momen-

tum tracks are used. This is because as momentum increases, the Cherenkov angle

values of di↵erent particle species tend towards the same saturation value. Therefore

all high momentum tracks can be assumed to be pions (Equation 3.4 shows that the

Cherenkov angle is independent of the particle mass at high momentum). In addition,

only “unambiguous” photons are used to populate the histograms. A photon is declared

unambiguous if the reconstruction results in it reflecting o↵ the same pair of mirrors re-

gardless of how far along the track it is emitted. This is useful for removing background

from the �✓ vs. � histograms.

The alignment procedure is iterative: at the end of each iteration, the misalignment

parameters are entered into the CondDB. Subsequent iterations use the updated pa-

rameters from previous iterations. The procedure ends when all of the x and y tilt

corrections for every mirror pair are less than 0.1 mrad.

Figure 3.6: ∆θ distribution in φ bin between 162◦ and 180◦ for RICH2, fitted with a
Gaussian for the signal and a second order polynomial for the background [78].

Conversely, ‘ambiguous’ photons are those where the mirror pair changes depending on

where it was emitted along the track.

The alignment is an iterative process because the magnification coefficients are slightly

altered after the mirrors are adjusted. Therefore, the same data are re-reconstructed

with the results of the previous alignment incorporated and the distributions of ∆θ
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versus φ are fitted again in order to extract new alignment parameters. The process is

repeated until the remaining misalignments are less than 0.1 mrad.

The number of Cherenkov photons required to adequately fill the ∆θ vs φ plot for all

of the RICH2 mirror pairs is approximately 500 thousand. However, in order to achieve

these populations it is necessary to reconstruct approximately 5 million events [76]. The

main reasons for the high number of events that need reconstructing are

• Particle density: The density of particles in the LHCb detector is very much

higher towards the beam pipe, as is shown in Fig. 3.7, therefore it is difficult to

fill the lower populated ‘outer’ mirror pairs.

• Non-uniform φ distribution: Tests show that for the ∆θ versus φ plots to

converge, at least 16 of the 20 bins in φ require at least 300 photons [76]. The φ

distribution can be very non-uniform and therefore it can be difficult to sufficiently

populate the required number of φ bins.

• Ambiguous photons: Data samples used for alignment are composed of approx-

imately 25 % ambiguous photons, which cannot be used.

• Mirror pairs: Photons that do not reflect off the selected mirror pairs can not

be used for alignment.

3.4 RICH2 HLT Track Pre-selection

The LHC will restart after Long Shutdown 1 (LS1) in 2015. After LS1, HLT1 and HLT2

will be decoupled and events will be temporarily buffered after they are accepted by

HLT1 [79]. Whilst the events are buffered, the detector alignment and calibration will

be performed and this information will be used when data are processed at HLT2. This

will allow the HLT2 selections to be tightened, which will increase the purity of the data

written to disk for analysis.

The RICH2 mirror alignment procedure uses a significant amount of CPU time, due to

the large amount of data that needs to be reconstructed. The changes to the structure
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Figure 3.7: Photon hits in the x, y coordinates in the z plane of the RICH2 primary
mirror, with the beampipe at the origin, units in mm.

of the HLT necessitate that the RICH2 mirror alignment procedure is sped up, due to

the limited time that the data can be buffered.

It was proposed that suitable alignment data for each mirror pair could be pre-selected

in HLT2 using only the track position in the plane of the RICH2 primary mirror (as

RICH photons are not reconstructed in HLT2). This process requires that within every

primary mirror ‘sub-areas’ are found such that the tracks, and therefore the associated

Cherenkov photons, reflect primarily on a specific secondary mirror.

Two considerations suggest that it may be possible to select such sub-areas. Firstly, in

RICH2, each primary mirror reflects on only a limited number of secondary mirrors, as

is shown in Fig. 3.8. Secondly, Cherenkov rings are mostly reflected by only one primary

mirror; the probability for a Cherenkov ring being imaged by only one primary mirror

segment is

p1mirr ≈ 1− rC
rm
≈ 78% (3.18)

where rm is the radius of a circle of circumference 251 mm, which can inscribe the

hexagonal mirror segments and rC is the maximum base radius of the Cherenkov cones,

which is 55 mm [80].
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HLT pre-selection could significantly reduce the amount of data that is reconstructed

for the mirror alignment. Additionally, as the selection only depends on the HLT track

information, it should not be a large additional CPU overhead on the HLT processing.

Reducing the number of events to be reconstructed, from ∼ 5 million to 50 thousand,

means the HLT pre-selection could speed up the RICH2 alignment by approximately

two orders of magnitude.
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Figure 7: Strongest populations of mirror pairs in the left-hand side of RICH2 prior to the
selection, normalized to the largest population. The histogram titles show the spherical mirror
segment numbers, and the y-axis labels show the numbers of flat mirror segments paired with
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Figure 3.8: Strongest population of mirror pairs in the left hand of the RICH2, nor-
malised to the largest population. Histogram titles show the primary mirror number,
and the y-axis label show the secondary mirror number [78]
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3.5 HLT Track Pre-selection

The aim of the HLT track pre-selection is to minimise the amount of data that needs

to be reconstructed to run the RICH2 mirror alignment. However, the data required to

populate the pre-selection cannot exceed the data available in the period over which the

alignment is to be run, which for the RICH mirrors is approximately 5 hours [81] and is

termed a ‘fill’.

In order to select suitable sub-areas of each primary mirror, the efficiency of reconstruct-

ing suitable photons from tracks over each primary mirror was investigated. Using this

‘reconstruction’ efficiency, sub-areas with the highest efficiency were selected that could

populate the mirror alignment with the data available from a fill.

Tests were carried out using data from the 2012 ‘min bias’ line, which best replicates

the minimal selections on the data in HLT2. Near-saturated tracks, with a minimum

momentum of 40 GeV, were used, in line with the requirements for alignment.

The feasibility of the pre-selection is studied in Sec. 3.6 and two separate methods of

obtaining suitable sub-areas are examined in Sec. 3.7 and Sec. 3.8

3.6 Test Reconstruction Efficiency

As a test of the viability of the HLT pre-selection, an exercise was carried out using only

unambiguous RICH2 photons to examine if sub-areas exist within each primary mirror

where the Cherenkov photons reflect only onto a particular secondary mirror.

For each mirror pair the reconstruction efficiency was calculated as

εrecoγ =
Npair
γ

Nprimary
γ

(3.19)

where Npair
γ is the number of photons reflecting only on the relevant mirror pair and

Nprimary
γ is the number of photons that reflect on the relevant primary mirror and onto

any secondary mirror. An ansatz binning of size 30 mm in the x and y direction was

used.
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An example reconstruction efficiency for mirror pair primary mirror 12 and secondary

mirror 9 (p12s9) is shown in Fig. 3.9. The right hand side of the mirror has an effi-

ciency of ∼ 1, which means that this region is hit by photons which then have a strong

probability to be reflected by secondary mirror 9. This suggests that it may be possible

to choose a sub-area of this primary mirror that could then be used to select tracks that

have p12s9 photons.
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Figure 3.9: Efficiency for photons reflected off primary mirror 12 and secondary mirror
9 as a function of the x, y co-ordinates of primary mirror 12. The beam pipe is at the
origin.

3.7 Track Reconstruction Efficiency

The test exercise in the previous section was carried out using photons without using

track information. However, in order to pre-select suitable tracks by their position, the

relationship between the photons and the tracks must be examined.

The amount of data to be reconstructed by the pre-selection will be minimised if all

the associated Cherenkov photons from a selected track are suitable for alignment. Ad-

ditionally, this will lead to the pre-selected photons having an approximately uniform

φ distribution. This means the 20 φ bins used in the alignment will approximately
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be uniformly filled, which will also minimise the amount of data to be reconstructed.

Therefore, for each mirror pair the ‘track reconstruction’ efficiency was calculated as

εreco =
Npair

Nprimary
(3.20)

where Npair is the number of tracks where all of the associated photons are classed as

‘unambiguous’ and reflect from a particular mirror pair and Nprimary is the total number

of tracks that reflect off the relevant primary mirror. An ansatz binning of size 30 mm

in the x and y direction was used.

The reconstruction efficiency for p12s9 can be seen in Fig. 3.10(a); regions in the right

hand side of this mirror pair have an efficiency greater than 0.8. However, approximately

half of all the mirror pairs had an efficiency ≈ 0, as is shown for p17s9 in Fig. 3.10(b).

Although only 25 % of photons are ambiguous and are largely distributed along the edges

of the mirrors, as can be seen in Fig. 3.11(a), tests show that approximately 84 % of

tracks have at least one ambiguous photon, with the position of such tracks distributed

over a much larger area, as displayed in Fig. 3.11(b). Additionally, approximately 84 %

of tracks have photons that reflect on more than one primary or secondary mirror.

Overall, 90 % of tracks have at least one ambiguous-photon or one photon that reflects

off more than one primary or secondary mirror, which would therefore be excluded from

contributing to Npair, leading to low efficiencies.

As such, the requirement that all of the Cherenkov photons are unambiguous and are

reflected off the same mirror pair is not suitable to be used as a selection criteria for at

least half of the mirrors. An alternative method is examined in the next section.

3.8 φ Weighted Reconstruction Efficiency

In the previous section, entire tracks were assigned to either the numerator and/or de-

nominator of the efficiency. As this method was found to be unsuitable, the ‘φ weighted’

reconstruction efficiency was calculated by considering individual photons, rather than

whole tracks. However, as the desired aim is to pre-select data by track position, the
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Figure 3.10: Efficiency for tracks where all photons reflected off (a) primary mirror 12
and Sec 9 and (b) primary mirror 17 and Sec 9, as a function of the x, y co-ordinates
in the plane of the primary mirror. The beam pipe is at the origin.
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Figure 3.11: Efficiency for (a) unambiguous photons (b) tracks containing at least one
unambiguous photon, as a function of the x, y co-ordinates in the plane of the primary
mirror. The beam pipe is at the origin.

track position in the primary mirror plane was used in place of the photon position in

the calculation of the efficiency.

Tests showed that sub-areas with non-uniform φ distributions can require orders of

magnitude more data to be reconstructed in order to populate at least 16 of the 20 bins

in φ sufficiently. Therefore, the reconstruction efficiency was weighted by a factor, Wφ,

which accounts for how much extra data must be reconstructed due to the non-uniform

φ distribution. The reconstruction efficiency was therefore calculated as

εrecoφ =
Npair
φ

Nprimary
φ

×Wφ (3.21)
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Table 3.2: Example mirror pairs, showing the reconstruction efficiency, the selected
sub-areas’ x and y co-ordinates in the plane of the RICH2 primary mirrors in mm and
the number of events required to pass through the RICH2 to find the requisite data to
carry out the alignment for that mirror pair (‘Events required’).

Mirror pair εrecoφ Xstart Xend Ystart Yend Events required

p12s9 0.71 330 360 -100 100 3800
p17s9 0.18 400 425 136 221 295831
p12s8 0.5 125 150 115 117 140000
p16s12 0.59 50 150 388 424 63000
p20s12 0.47 92 138 626 662 970000
p24s16 0.71 50 75 840 870 4200000

where Npair
φ is the number of unambiguous photons that reflect on a particular mirror

pair and Nprimary
φ is the total number of photons that reflect off the relevant primary

mirror, including ambiguous photons.

In order to select sub-areas of optimum position and dimension a ‘variable binning’ pro-

cedure was used on the φ weighted efficiency. This process calculated the reconstruction

efficiency, varying the bin size from a minimum in x or y of 25 mm up to a maximum

of 250 mm, in steps of 5 mm. The minimum bin size was chosen so that bins were

sufficiently populated, even in the low occupancy mirrors. The highest efficiency bin out

of all possible combinations was selected, provided that the selected area could populate

the mirror alignment with the data available from a fill.

The φ weighted efficiency distribution with the binning containing the highest efficiency

bin (shown in red) for mirror pair p12s9 is shown in Fig. 3.12. As displayed in Ta-

ble. 3.2, the selected sub-area was of size 30 mm in the x direction and 200 mm in the

y direction. The reconstruction efficiency for this sub area is 0.71, which means that for

tracks selected because they pass though this area, approximately 70 % of the associated

photons are suitable for alignment of p12s9. For this mirror pair, the number of events

required to pass through the entire RICH2 detector in order to populate 16 out of 20 φ

bins, with at least 300 photons via this sub-area is approximately 3800 (termed ‘events

required’). The corresponding φ weighted efficiency for p17s9 can be seen in Fig. 3.13,

with details also displayed in Table. 3.2. Information about further example mirror pair

sub-areas are displayed in Table. 3.2, with all mirror pairs shown in Appendix A.
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Figure 3.12: Phi weighted efficiency for p12s9 as a function of the x,y co-ordinates of
primary mirror 12. The beam pipe is at the origin.
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Figure 3.13: Phi weighted efficiency for p17s9 as a function of the x,y co-ordinates of
primary mirror 12. The beam pipe is at the origin.

3.9 Conclusions

A procedure to pre-select data by utilising track position, for use in the RICH2 mirror

alignment, has been developed. It will be used in the HLT2 to pre-select tracks to evenly
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populate the mirror pairs that are used for alignment of the RICH2 mirrors, reducing

greatly the amount of data that must be reconstructed. This will allow the RICH mirror

alignment to be carried out in a timely manner whilst the collision data are temporarily

buffered on disk and will also save CPU resources.

The average φ weighted reconstruction efficiency using this procedure is ∼ 50 %. To

populate the RICH2 alignment requires a minimum of ∼ 550 thousand photons, or ap-

proximately 10 thousand appropriate tracks and associated photons. Using the selection

procedure only 20 thousand tracks and associated photons will need to be reconstructed.

This potentially represents a reduction in the amount of data that needs to be recon-

structed of around two orders of magnitude.

Work is ongoing to turn the selection criteria into a HLT2 line.



Chapter 4

Double J/ψ Production

This chapter will present the analysis of double J/ψ production, reconstructed from

J/ψ → µ+µ− decays. Possible muon tracks are first identified and are selected by

the LHCb trigger. Stripping lines reconstruct muon vertices and apply loose selection

criteria. Further selection criteria are applied to the dataset, in order to more fully

separate signal from background. A yield of signal double J/ψ events is extracted from

fitting an appropriate distribution to the invariant mass distribution of the double J/ψ

pair. Efficiencies are calculated, in order to correct for events lost in the collection and

selection of the dataset. An sPlot technique [82] is utilised, which uses the invariant mass

fit of the double J/ψ pair, to give a statistical weight to each of the signal candidates

for it to be signal. This statistical weight is then divided by the efficiency for each

candidate, in order to obtain a weighted yield of events. This method of obtaining

a corrected yield can be sensitive to background, particularly in low efficiency areas

of phase space, therefore the selection criteria and stripping lines are chosen so as to

minimise background noise. The cross-section is calculated using the weighted yield, the

measured luminosity of the sample and the branching fraction of J/ψ to µ+µ−. Finally,

the differential cross-sections as a function of various kinematic quantities are calculated

and compared to theoretical predictions.

67
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Table 4.1: The muon stations with hits in the FOI required for the IsMuon decision as
a function of muon momentum range [60].

Track momentum range GeV/c Muon Station

3 < p < 6 M2 + M3
6 < p < 10 M2 + M3 + (M4.or.M5)
p > 10 M2 + M3 + M4 + M5

4.1 Muon Identification

In this study, J/ψ particles are reconstructed from their decay to two oppositely charged

muons. As described in Sec. 1.2, the J/ψ particle has a relatively high di-lepton branch-

ing ratio, which is of the same order as the hadronic. The decay to muons is utilised as

it is the most cleanly identifiable; unlike hadrons or even electrons, muons can penetrate

through the entire spectrometer into dedicated muon detectors, which can determine

precisely the charge, momentum and direction and thus allow the narrow J/ψ resonance

to be precisely reconstructed.

In order to identify muons in the LHCb detector, the muon finding procedure [60] [83] is

carried out on ‘long’ or ‘downstream’ tracks (as defined in Sec. 2.2.1.3). Such tracks are

extrapolated linearly to the muon detector and a field of interest (FOI) is built around

the extrapolated position. The FOI’s size depends on the momentum of the track, the

muon station and region within the station where the hits are found. Hits in the muon

station are searched for in the FOI and the information is used to calculate the muon

candidate condition, IsMuon. The number of hits required in different stations for this

variable are a function of the track pT; hits in the FOI of stations M2 and M3 are required

for tracks with 3 < p < 6 GeV/c, in the FOI for three stations out of M2, M3, M4, M5

for tracks with 6 < p < 10 GeV/c, and in the stations M2 - M5 for pT > 10 GeV/c, as

summarised in Table. 4.1. The IsMuon condition removes non-muons down to the level

of approximately 4 %.
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4.2 Trigger

As described in Sect. 2.2.6, the LHCb trigger selects interactions of the most interest

so they can be written to storage for further analysis. The trigger requirements can

change over the course of data taking, with different conditions identified by a Trigger

Configuration Key (TCK). Datasets are further subdivided depending on the polarity of

the magnet during data taking, into positive polarity (Magnet Up) and negative polarity

(Magnet Down). Small datasets (<5 pb−1) were not used in this study, in order to reduce

variation in data taking conditions. The TCK lines used in this analysis are presented

in Table 4.2. A scaling factor, which rejects 80 % of the events with pT < 2 GeV,

was applied at HLT level to approximately two thirds of the dataset (TCK 0x760037,

0x790038, 0x790037).

Two L0 trigger lines were used to select events for this analysis; a dedicated muon line

(L0Muon) and di-muon line (L0DiMuon), which both select only tracks that have

hits in the muon stations. High pT tracks are required, as such tracks come predomi-

nately from high mass resonances such as the J/ψ ; the L0Muon line requires one muon

candidate with a pT greater than 1.5 GeV/c, and the L0DiMuon line requires that the

product of the two muon’s pT must be larger than 1.3 GeV2/c2 [61].

The HLT1 lines used in this study comprise the Hlt1SingleMuon, Hlt1DiMuon and

Hlt1MuTrack lines. The HLT1 lines require that the relevant L0 lines were fired and

that there are either one (SingleMuon and MuTrack) or two (DiMuon) well reconstructed

tracks that have hits in the muon system. The SingleMuon and MuTrack triggers exploit

the pT, impact parameter and track quality to separate signal from background. The

DiMuon triggers use the mass of the di-muon candidates and the separation of the

di-muon vertex, as well as the track quality, pT and total momentum [84].

The HLT2 lines utilised consist of the Hlt2SingleMuon, Hlt2DiMuon, Hlt2MuTrack,

Hlt2DoubleDiMuon and Hlt2ExpressJpsi. These lines confirm the HLT1 decision

with a higher precision. A number of muon HLT trigger lines that had a high scaling
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Table 4.2: List of TCK used in the measurement of the double J/ψ cross-section.

TCK Polarity Lumi pb−1

0x5A0032 Down 28.3 ± 1.0
0x5A0032 Up 33.0 ± 1.2
0x6D0032 Down 96.5 ± 3.4
0x730035 Down 58.0 ± 2.0
0x730035 Up 129.0 ± 4.5
0x760037 Down 186.8 ± 6.5
0x760037 Up 102.9 ± 3.6
0x790038 Down 203.7 ± 7.1
0x790038 Up 121.6 ± 4.3
0x790037 Up 37.7 ± 1.3

factor that accepts less than 1 % of events, which could potentially give rise to exces-

sively large re-weighting of individual events, were excluded. These lines consisted of

Hlt1SingleMuonNoIP, Hlt2DiMuonDY1 and Hlt2DiMuon.

To remove very high multiplicity events, which would take excessively long to recon-

struct, Global Event Cuts (GEC) were applied after the L0 trigger during data taking.

The main GEC requirement for lines used in this study is a selection on the number

of hits in the SPD detector, known as the ‘SPD multiplicity’. The L0Muon excludes

events with a SPD multiplicity above 600, the L0Dimuon excludes events with a SPD

multiplicity above 900.

4.3 Data

The data used in this report consist of 998 ± 35 pb−1 of pp collisions, collected during

2011 by the LHCb experiment at a centre of mass energy of
√
s = 7 TeV. The dataset

was selected using the DiMuonDiMuonInc stripping line. This line reconstructs muon

vertices from two oppositely charged muons, using Brunel v43r2p3, and applies a

number of loose selections using DaVinci v32r2p3 (Reco14 Stripping20r1).

In the reconstruction, a selection is made in order to remove tracks that share informa-

tion, known as clone tracks, which are created when the LHCb software reconstructs

more than one track from a single particle. If tracks share hits in the tracking system,
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Table 4.3: Summary of selection criteria carried out in the reconstruction and
DimuonDimuon stripping line.

Selection Criterion

∆min
KL > 5000

IsMuon = true
3 GeV/c2 < MassJ/ψ
pT

µ > 650 MeV/c
χ2
tr/nDoF < 3.0
χ2
V X < 20

they may be removed by a pattern recognition algorithm, with the lower quality track

being excluded [85]. However, clone tracks do not necessarily share hits in the tracking

stations; for example, clone tracks can be created when the algorithm splits up VELO

tracks into hits from the forward stations and hits from the remaining stations [86].

Such clone tracks will, however, have similarities post reconstruction; for example the

momentum will be approximately the same. Therefore, clones can be excluded using

the Kullback-Liebling divergence, KLmin, which measures the difference in information

between two tracks [86]. Only tracks with a divergence greater than 5000 are selected.

The tracks must also pass the IsMuon requirement. Two oppositely charged tracks that

pass these requirements are fitted into a J/ψ vertex. Good quality muon tracks and

J/ψ vertexes are obtained using a selection criteria of χ2
tr/nDoF < 3 and χ2

V X < 20,

respectively, where χ2
tr is the reduced χ2 from the track fit and χ2

V X is the reduced χ2 of

the J/ψ vertex. The mass of the dimuon pairs must be at least 3 GeV/c2, and each muon

must have a pT greater than 650 MeV/c. The reconstruction and DiMuonDiMuonInc

line selection criteria are summarised in Table. 4.3.

4.3.1 Luminosity Measurement

The LHCb experiment uses two methods to measure luminosity; the ‘Van der Meer scan’

method (VDM) and the ‘Beam Gas Imaging’ method (BGI) [87].

The VDM method utilises the LHC’s ability to move the beams with high precision

to measure the number of visible pp interactions as a function of the position offsets

of the two colliding beams, in order to directly determine the effective cross-section.
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Due to the fact the beam is bunched it must be scanned in both transverse directions.

The measurement depends on the assumption that the density distributions in the two

transverse directions can be factorised.

The BGI method employs the high resolution of the VELO subdetector and the close

proximity of the detector to the beam to directly measure vertices from beam-beam

collisions and from the interactions of beam particles with residual gas in the machine,

which consist mainly of relatively light elements such as hydrogen, carbon and oxygen.

The distribution of these vertices allows the transverse bunch profile to be determined.

In combination, the two techniques allow the luminosity to be measured with an error

of 3.5 % over the data taking period used in this analysis [87].

4.3.2 Monte Carlo Samples

In this study three Monte Carlo (MC) samples were utilised, generated with Gauss v45r3

[65]. The Gauss simulation software uses Pythia 6.427 [66] to produce pp collisions

using a NRQCD framework that includes CS and CO components, and the EvtGen v13r6

[67] package to generate the subsequent decays. Events were generated separately for

Magnet Up and Magnet Down polarities, assuming that the J/ψ is unpolarised. The

three MC samples are

• A J/ψ to µ+µ− sample, with both the J/ψ and its daughter muons inside a cone

of opening angle 400 mrad (‘daughters in acceptance’). The J/ψ includes prompt

J/ψ , produced directly in the pp interaction or from feed down from charomonia,

and non-prompt J/ψ , produced from B-hadrons and Upsilon. It was generated

to reflect the running conditions carried out in 2011, using
√
s = 7 TeV with an

average number of interactions per beam crossing, ν, of 2.5. The sample consisted

of ∼ 20 M events, evenly split between the Magnet Up and Down polarities. This

MC was used to calculate the reconstruction efficiency.

• A J/ψ generator level sample, generated with identical parameters as the above

sample, but without the daughters in acceptance requirement. This sample is used
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to calculate a correction factor associated with the J/ψ being inside the acceptance

but the decay products being produced outside, not allowing the decay chain to

be reconstructed.

• A double J/ψ to µ+µ− sample. It was generated using the LO CS model to also

reflect the running conditions carried out in 2011. The sample consisted of ∼ 2 M

events, split between the Magnet Up and Down polarities. This MC was used

to calculate the efficiency of selection criteria involving J/ψ pairs, and also to

cross-check factorisation when using single J/ψ MC.

4.4 Fiducial Volume

The LHCb detector covers a rapidity range between 2 and 5. However, in the region of

rapidity near the beam pipe the J/ψ are poorly reconstructed, and a correct measurement

of the reconstruction efficiency and associated errors is difficult. Therefore, the fiducial

volume was reduced to a rapidity between 2 and 4.2. The fiducial region was also reduced

to only measure J/ψ with a pT between 0 and 10 GeV/c, due to the limited number of

events with a pT greater than this value.

4.5 Event Selection

In order to separate signal from background, a number of selection criteria were applied

to the dataset. The selection criteria were initially optimised to maximise the statis-

tical significance on a single J/ψ data sample of 1 M events, collected with a TCK of

0x5A0032, as outlined in Appendix B. However, the sPlot efficiency weighted procedure

used to calculate a corrected yield in this study was sensitive to background, especially

in areas of phase space where the efficiency is low. Therefore, instead of using selection

criteria that optimised the statistical significance, the selection criteria were selected to

reduce background.

Dimuon pairs with a mass between 3.0 and 3.2 GeV/c2, were initially selected. To

ensure that well identified muons were obtained, a neural network variable, PNNMu [88],
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trained to differentiate between real and background muons, was utilised. A selection of

PNNMu > 0.5 was made on this variable, which combines information from the muon

system, the RICH and calorimeter systems. The requirement on the quality of the tracks

was increased from the loose selection used in the DiMuonDiMuonInc stripping line

of χ2
tr/nDoF < 3.0, to χ2

tr/nDoF < 1.7. A selection was made on the pseudorapidity, η,

of the muons requiring them to be in the range 2 < η < 5.0, in order to remove poorly

measured tracks in the outer reaches of the detector.

Due to the high track densities in the LHCb detector, fake tracks can also be re-

constructed from a pseudorandom combination of hits; such tracks are called ghost

tracks [89]. In order to remove ghost tracks, a selection is made by a neural network

trained to differentiate between real and fake tracks [88]. A requirement of Pghost < 0.05

is made on the output of this neural network, which uses information from the tracking

and particle identification systems and outputs the probability that the track is a ghost.

Muons with a momentum below 5 GeV/c and a momentum above 200 GeV are removed,

due to the track reconstruction efficiency, which measures the probability that a charged

particle that passes through the full tracking system is reconstructed, being poorly

measured outside these regions [90]. In order to remove a region with a significant

amount of background, muons with a momentum below 6 GeV/c were additionally

removed.

Candidate muon pairs that survive all selections are combined to create double muon

pairs, (µ+µ−)1(µ+µ−)2, which are required to originate from a common vertex that is

compatible with one of the reconstructed primary vertices. To carry out this constraint,

the vertex of the four muons and each of the two muon vertices is globally refitted using

a ‘decay tree fitter’ (DTF) with a ‘primary vertex constraint’ [91]. The DTF is an

alternative method to reconstruct a decay chain of an event; usually, decay chains are

started by fitting the vertices from the final state particles with the information being

propagated ‘upstream’ towards the primary interaction. The DTF takes a complete

decay chain, parameterises it in terms of vertex positions, momentum parameters and

decay lengths and refits these parameters simultaneously using a least squares method,

taking into account all the relative constraints. To exclude events that do not come
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Table 4.4: Summary of selection criteria.

Selection Criterion

3.0 < MassJ/ψ < 3.2 GeV/c2

2 < ηµ < 5.0
pµ > 6 GeV/c
χ2
tr/nDoF < 1.7
PNNMu > 0.5
Pghost < 0.05

6 < pµ < 200 GeV/c
χ2
DTF−J/ψ /nDoF < 11.0

χ2
DTF−2×J/ψ /nDoF < 5

from the primary pp collision, such as B → J/ψ events, a selection was made on the

two muon vertex of each J/ψ of χ2
DTF−J/ψ /nDoF < 11.0. This selection relies on the

long lifetime of the B mesons, which means non-prompt J/ψ are produced a significant

distance from the primary production vertex. To exclude J/ψ candidates from different

pp collisions, a similar selection was also made on the quality of the DTF four muon

vertex χ2
DTF−2×J/ψ /nDoF < 5.

The selection criteria are summarised in table 4.4.

4.6 Signal Yield

In order to extract the yield of double J/ψ events, a two dimensional unbinned extended

maximum likelihood fit to the J/ψ invariant mass has been used. The di-muon pairs

are randomly classified as either J/ψ 1 or J/ψ 2 and fitted accordingly. A double sided

Crystal Ball (DCB) function is used to model the signal, which is defined as

f
J/ψ
CB (x) =





e−
1
2
α2
L

(
nL

nL−α2
L−|αL|δσx

)nL
δσx < −|αL|

e−
1
2
δσx − αL < δαx < |αR|

e−
1
2
α2
R

(
nR

nR−α2
R+|αR|δσX

)nR
δσx > |αR|

(4.1)

where δσx =
x−mJ/ψ0

σJ/ψ
, m

J/ψ
0 is the peak value of the invariant mass distribution, σJ/ψ is

the standard deviation of the distribution and αL, nL and αR, nR are the parameters
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of the left and right tail, respectively. The left tail component δσx < −|αL| models

the bremsstrahlung emission. The right tail δσx > |αR| has been added to describe

the non-Gaussian tail in the distribution. Combinatorial background is modelled by an

exponential function.

The line shape was initially studied and parametrized using a Monte Carlo sample of

∼20 M single J/ψ events. A DCB function was used to fit the signal and an exponential

function used for the combinatorial background. The parameters αL = 1.7, αR = 1.85,

nL = 2.7, nR = 3.0 were initially fixed to values determined as optimum from a MC study

in Ref. [10]. The mass and width of the J/ψ peak were left free, as they depend on the

kinematic range of the J/ψ mesons due to material effects in the detector. Optimisation

of the quality of the line fit, as characterised by the χ2, did not give a subsequent

improvement in the quality of the fit on data. The line shape was also studied on a

data sample of 1 M single J/ψ events. New optimum fit parameters of αL = 1.42,

αR = 1.74, nL = 3.0, nR = 4.67 (‘Optimum’) were extracted. However, these also did

not improve the quality of the fit on the double J/ψ sample; therefore the values of

αL = 1.7, αR = 1.85, nL = 2.7, nR = 3.0 from Ref. [10] were used in this study.

Alternative fit models to the DCB were also studied. A single Crystal Ball (CB) function

was tested

f(Mµµ) =





e

(
−
M(µµ−µ)2

2σ2

)
for

Mµµ−µ
σ > −a

A ·
(
B − Mµµ−µ

σ

)−n
for

Mµµ−µ
σ < −a

(4.2)

where

A =

(
n

|a|

)n
· e
(
− |a|

2

2

)
(4.3)

B =
n

|a| − |a| (4.4)

with n=1 and α as a function of σ, α = 1.975 + 0.01 σ - 0.00018σ2, as used in Ref. [92].

Additionally, the ‘Hypatia’ [93] function was also tested, an altered CB shape that takes

into account the fact the per event mass error is not constant. This function has a new

core for the CB, that corresponds to a Gaussian with a variance having the shape of the

per event mass error squared. The alternative fit shapes failed to improve the quality of

the fit compared to the DCB.
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The muons from each event in the data were combined in all viable opposite charge

combinations to create two J/ψ . After all selection criteria were applied to the data, 21

double J/ψ events had two viable combinations of muons that were mutually exclusive.

The signal yield including all ‘multiple candidate’ events was 1816 ± 52, with a back-

ground of 878 ± 24; removing one of the pairs of multiple candidate events at random

gave a signal yield of 1811 ± 50, with a background of 867 ± 24. The 21 multiple

candidate events were all left in the final selection, and the small difference in resulting

cross-section between the two choices was assigned as a systematic uncertainty. The

choice was made to keep all multiple candidates, as removing one of the combinations

at random meant that on average half of the multiple candidate ‘real’ events may be re-

placed with ‘false’, background, events, whereas keeping all combinations kept the ‘real’

events but added events that may be fitted as background events.

The projection of the two dimensional invariant mass distributions with both J/ψ events

in the fiducial range and at least one of the muons explicitly selected by the trigger lines

outlined in Sec. 4.7.4 are displayed in Fig. 4.1(a) and Fig. 4.1(b).

4.7 Efficiency

The total efficiency for double J/ψ production, εtot, can be factorised into

εtot = εreco × εgeo × εµID × εtrg (4.5)

where εreco is the efficiency due to the reconstruction and selection of the J/ψ , εgeo is

the geometric acceptance efficiency, which accounts for events where the J/ψ are outside

the acceptance but they can be reconstructed from di-muon pairs that are not, εµID is

the efficiency of the muon identification variable, PNNMu and εtrg is the efficiency of the

selection of the J/ψ by the trigger.

The total efficiency, εtot, is used to calculate a weighted yield of events, which accounts

for inefficiencies in the detection and reconstruction of the double di-muon pairs, where
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Figure 4.1: Projection of two dimensional invariant mass distribution with a double
sided Crystal Ball function for the signal and an exponential function for the back-
ground. The number of signal J/ψ is shown with the dotted green line, the background
is shown with the dotted blue line, with the total shown with the solid blue line.
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the weighting factor is given by

w−1 = εtot. (4.6)

4.7.1 Reconstruction and Selection Efficiency

The loss of efficiency due to the requirements that both J/ψ are reconstructed and

selected, εrec, was evaluated on a single J/ψ MC sample using the factorisation

εreco = εrecoJ/ψ1
× εrecoJ/ψ2

. (4.7)

The validity of this factorisation was verified with a double J/ψ MC sample, which

was used to check that the total unbinned reconstruction and selection efficiency was

consistent between the two methods. The reconstruction and selection efficiency for a

single J/ψ was evaluated with

εrecoJ/ψ =
Nacc
J/ψ

N tot
J/ψ

(4.8)

where Nacc
J/ψ is the number of events that remain after the reconstruction and selection

criteria are applied and N tot
J/ψ is the number of events initially. The muon identifica-

tion variable, PNNMu, and the selection of four muons into the same primary vertex,

χ2
DTF−2×J/ψ /nDoF < 5 were not applied in the evaluation of εrecoJ/ψ .

To account for differences between the data and MC, which can cause significant vari-

ations in the efficiency, the MC was re-weighted with respect to the data for the pT,

rapidity and the number of tracks in each event (‘best track multiplicity’). In order

to extract normalised distributions, the DimuonDimuonInc stripping line selections

were applied to both the data and the MC. In order to remove background from data,

an sPlot technique [82] was employed, which used the invariant mass distribution fitted

with a DCB function for the signal and an exponential function for the background.

The normalised pT and rapidity distributions can be seen in Fig. 4.2 and Fig. 4.3, for a

TCK of 0x5A0032.

The track reconstruction efficiency, which measures the probability that a charged par-

ticle that passes through the full tracking system is reconstructed, is known to differ
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Figure 4.2: Normalised and sWeighted single J/ψ pT distribution of data (blue) and
MC (red). The data sample was collected with a TCK of 0x5A0032.
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Figure 4.3: Normalised and sWeighted single J/ψ rapidity distribution of data (blue)
and MC (red) J/ψ . The data sample was collected with a TCK of 0x5A0032.

between data and MC [90]. A correction table used to account for the difference in

efficiency of the track reconstruction between data and MC is shown in Fig. 4.4. This

table was evaluated on 2011 data and compared to MC samples generated using 2011

conditions. Additionally, the IsMuon selection criteria efficiency is also known to differ

between data and MC [60] and therefore a further correction table was used to account

for this, as shown in Fig. 4.5. The white area shows a region which could not be as-

sessed due to low statistics and the binning of the efficiency was driven by statistics.

For regions of phase space where the table is not defined, the last bin value is used.

The unknown polarisation of the J/ψ pair can affect the reconstruction and selection

efficiency by changing the opening angle between the produced muons. This efficiency

was therefore initially calculated as a function of pT, rapidity and ‘polarisation angle’,

the angle between the direction of the positive muon and the Lorentz boost from the lab

frame to the J/ψ centre of mass frame. (This reconstruction efficiency is referred to as
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Figure 4.4: Tracking efficiency ratio between data and MC as a function of particle
momentum and pseudorapidity [90].
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Figure 4.5: IsMuon ratio between data and MC as a function of particle pT and mo-
mentum [60].

‘3D’). However, the selection criteria used in this study resulted in a 3D efficiency, shown

in Fig. 4.6, that did not measure all of the phase space, particularly for large values of

polarisation angle. Therefore, an efficiency as a function of only pT and rapidity (‘2D’)

was used in this study. The uncertainty due to the unknown polarisation was estimated
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using a weighting procedure, which is described in Sec. 4.9.8.
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Figure 4.6: The ‘3D’ reconstruction and selection efficiency as a function of the rapidity,
pT and polarisation angle, for the Magnet Up data sample. Bins with no data are shown
in white.

The reconstruction and selection efficiency was evaluated with 20 pT bins in the range

0 - 10 GeV, and 15 y bins in the range 2 - 4.2. The reconstruction and selection efficiency

for TCK 0x5A0032 can be see in Fig. 4.7, the remaining TCK efficiencies can be seen in

Appendix C.3. The efficiencies of the two magnet polarities do not significantly differ.

The efficiency of the selection of four muons matched to the same primary vertex,
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Figure 4.7: The reconstruction and selection efficiency for TCK 0x5A0032.

χ2
DTF /nDoF < 5 could not be simply evaluated on the single J/ψ MC sample. In-

stead, this efficiency was estimated on a MC sample of 2 M double J/ψ events. The

decay tree fitter efficiency as a function of the selection on the four muon vertex can

be seen in Fig. 4.8. The efficiency of the selection of χ2
DTF /nDoF < 5, used in this
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analysis, was calculated to be 0.9865 ± 0.0003.
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Figure 4.8: The decay tree fitter efficiency as a function of the selection on the two J/ψ
vertex, calculated using MC.

4.7.2 Geometric Acceptance Efficiency

The J/ψ Monte Carlo sample used in the calculation of the reconstruction and selec-

tion efficiency is generated with the J/ψ and daughters inside a cone of opening angle

400 mrad. In order to account for events where the J/ψ are inside the acceptance but

the di-muon pairs are outside, not allowing the decay chain to be reconstructed, an

efficiency must be introduced, εgeo.

A generation level MC sample of J/ψ → µ µ, described in section 4.3.2, was used to

estimate the correction factor using

εgeo =

(
Ngeo
acc

Ngeo

)
(4.9)

where Ngeo
acc is the number of J/ψ with daughters in the LHCb acceptance, and Ngeo

is the number of events generated in the generation level sample, which includes those

events where the J/ψ is inside the acceptance but the muons are not. The geometric
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acceptance efficiency is shown in Fig. 4.9, with 5 bins in rapidity between 2 < y < 4.5

and 20 bins in pT between 0 and 10 GeV.

0.590.580.60 0.610.640.670.700.720.750.780.790.820.830.840.860.880.880.900.920.92

0.810.820.820.840.860.880.89 0.910.920.930.940.940.960.960.950.980.980.960.970.97

0.92 0.910.900.920.930.940.950.950.960.970.980.980.990.990.990.991.001.000.990.99

0.900.900.90 0.910.920.940.950.950.960.970.970.970.980.980.980.990.990.990.990.97

0.770.780.79 0.810.830.860.870.890.90 0.910.930.930.940.940.950.940.940.950.960.94

T
P

0 2000 4000 6000 8000 10000

R
a

p
id

it
y

2

2.5

3

3.5

4

4.5

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

(a) Magnet Up

0.560.580.600.620.640.670.700.730.750.770.800.820.820.860.870.890.900.90 0.910.93

0.810.810.830.850.860.880.89 0.910.920.930.940.940.950.950.950.960.980.980.970.98

0.93 0.910.910.920.930.940.950.950.960.970.980.980.980.990.990.990.990.990.991.00

0.900.900.90 0.910.920.940.940.960.960.970.980.980.980.980.990.980.990.980.990.99

0.770.790.800.820.840.840.870.88 0.910.910.920.940.950.940.950.960.960.980.980.97

T
P

0 2000 4000 6000 8000 10000

R
a

p
id

it
y

2

2.5

3

3.5

4

4.5

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

(b) Magnet Down

Figure 4.9: The geometric acceptance efficiency as a function of rapidity and transverse
momentum.
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4.7.3 Muon Identification Efficiency

The efficiency of the selection of candidate muons, εµID1µ , was estimated from an inclu-

sive J/ψ data sample as a function of the muon identification variable, PNNMu, and

calculated individually for µ+ and µ−. All selection criteria for obtaining individual J/ψ

candidates were applied as described in Sec. 4.5, apart from PNNMu, which was varied

in the interval 0 to 1. The muon identification efficiency was calculated using

εµID1µ (α) =
NPNNMu>α

NTOT
(4.10)

where NPNNMu>α is the number of J/ψ where either the positive or negative muon passes

PNNMu > α and NTOT is the total number of J/ψ . The numerator and denominator

were obtained from a fit to the J/ψ invariant mass, using a double Crystal Ball for the

signal and an exponential for the background. The DCB parameters were set to the

same values as outlined in Sec. 4.6. The mean and width of the denominator DCB were

left free, whilst the mean and the width of the numerator were fixed to those of the

denominator. The muon identification efficiency as a function of PNNMu is shown in

Fig. 4.10, with an efficiency of 0.94 calculated for the selection of PNNMu > 0.5.

This study used a muon ID efficiency calculated as a function of muon pT and rapidity

for each individual TCK. The efficiency is calculated with a variable binning, chosen so

that the number of entries in each bin is the same. The µ+ muon ID efficiency for a

TCK of 0x5A0032 can be seen in Fig. 4.11; the full set of muon identification efficiency

plots can be seen in Appendix C.2.

4.7.4 Trigger Efficiency

There are two trigger levels in the LHCb experiment; the Level-0 trigger (L0) and the

High Level trigger (HLT), consisting of HLT1 and HLT2, as described in Sec. 2.2.6. The

trigger efficiency, εtrgJ/ψ, for the selection of J/ψ → µ+µ− events that pass the L0 and

HLT triggers has been determined on data using the TISTOS [94] method. This method

initially defines two categories; if the presence of the signal alone in the event is sufficient

to generate a trigger decision then the event is ‘Triggered On Signal’ (TOS) and events
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Figure 4.10: The single muon identification efficiency as a function of the PNNMu

selection criteria for µ+.
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Figure 4.11: The single µ+ identification efficiency for PNNMu > 0.5 as a function
of muon pT in MeV and muon rapidity, for TCK 0x5A0032 magnet up. Two bins for
which no values were able to be calculated due to low statistics are shown in white.

where the ‘rest’ of the event apart from the signal are sufficient to generate a positive

trigger signal are ‘Triggered Independent of Signal’ (TIS). Using these two categories,

events only triggered by signal are described as ���TIS&TOS, events only triggered by the

rest of the event are TIS&���TOS, events triggered by both are TIS&TOS and if both
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the signal and the rest of the event is required for a positive trigger then the event is

classified as ���TIS&���TOS. These classifications mean that TIS events define an unbiased

sample from which the TOS trigger efficiency for selecting single J/ψ events can be

calculated using

εtrgJ/ψ =

(
1 +

NTIS&���TOS

NTIS&TOS

)−1

. (4.11)

The trigger efficiency for double J/ψ events has been evaluated using the factorisation

εtrg = 1− (1− εtrgJ/ψ)× (1− εtrgJ/ψ). (4.12)

The L0 TOS lines utilised in the calculation of the trigger efficiency were the muon and

di-muon trigger lines. The L0 TIS lines consisted of the muon and di-muon lines and

all the electron, photon and hadron lines. For HLT1, the TOS lines used were all the

di-muon, single muon and muon track lines and the TIS category used all the HLT1

decision lines. For HLT2 the TOS lines included all di-muon, single muon and track

muon and the TIS used all the HLT2 decision lines.

The trigger efficiency was calculated individually for each TCK, as the selection criteria

and data taking conditions can change over time. The single J/ψ trigger efficiency was

evaluated in 20 bins of pT and 5 of rapidity. The number of J/ψ events for each trigger

category, in each bin, was extracted from a fit to the invariant mass distribution of the

muon pair, using a double sided Crystal Ball function for the signal and an exponential

for the background. The���TIS&TOS category mass distribution was fitted and the width

and position of the J/ψ peak was allowed to vary and these values were used to fix the

parameters in the fit of the TISTOS categories required by Eqn. 4.11.

The trigger efficiencies for a TCK of 0x5A0032 are shown in Fig. 4.12; there is no

significant difference in distribution between the two magnet polarities. The trigger

efficiencies for the remaining TCK are displayed in Appendix C. The limiting factor in

the calculation of the trigger efficiency is the small size of the TIS&���TOS sample, which

can lead to significant errors in the trigger efficiency. A possible improvement to the

estimation of the trigger efficiency, in order to negate the effect of the small size of the



Double J/ψ Production 89

TIS&���TOS sample, is to calculate the trigger efficiency as

εtrgJ/ψ =

(
NTIS&TOS

NTIS

)
(4.13)

where NTIS is the total number of events categorised as TIS. Calculation of the trigger

efficiency using this method can significantly reduce the associated statistical error.

4.7.5 Global Event Cut Correction

To remove very high multiplicity events, which would take excessively long to recon-

struct, Global Event Cuts (GEC) were applied after the L0 trigger, during data taking.

The main requirement on the GEC is a selection on the number of hits in the SPD de-

tector, known as the SPD multiplicity. The L0Muon line excludes events with a SPD

multiplicity above 600, the L0Dimuon line excludes events with a SPD multiplicity

above 900.

The effect of GEC has been studied using data; the SPD distribution of the L0Dimuon

line was fitted and extrapolated to infinity. The integral up to a SPD multiplicity of

600, 900 and infinity was calculated, and the ratio of these values were used to estimate

the GEC for the L0Muon and the L0DiMuon line. The background subtracted SPD

distribution was obtained with an sPlot technique [82] using the invariant mass of the

J/ψ distribution. The background subtracted SPD distribution was modelled by the

sum of two Γ-functions, which was empirically found [92] to describe the distribution,

where the Γ-function is defined for n, a positive integer, as

Γ(n) = (n− 1)! (4.14)

In this study, a single Γ-function was also tested, but did not fit the distribution as

successfully, as measured by the χ2 of the quality of the line fit. The GEC efficiency

was estimated separately for differing numbers of primary vertices (‘nPV’) measured in

the event, due to the dependance of the SPD distribution upon this quantity, and was

calculated for each TCK and magnet polarity.
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Figure 4.12: Trigger efficiency as a function of rapidity and transverse momentum for
TCK 0x5A0032.

The SPD distribution for the L0DiMuon line for TCK = 0x760037 for events with

1 nPV can be seen in Fig. 4.13(a) and for 2 nPV in Fig. 4.13(a). A full set of SPD



Double J/ψ Production 91

Table 4.5: GEC efficiency as a function of number of primary vertices, for the muon
and dimuon stripping line with a TCK of 0x5A0032, Magnet Up.

NPV L0Muon L0Dimuon

1 1.00 ± 0.00 1.00 ± 0.00
2 0.97 ± 0.00 1.00 ± 0.00
3 0.90 ± 0.00 1.00 ± 0.00
4 0.76 ± 0.01 1.00 ± 0.00
5 0.62 ± 0.01 1.00 ± 0.00
6 0.47 ± 0.16 0.98 ± 0.00
7 0.38 ± 0.31 0.98 ± 0.08

distributions as a function of nPV can be seen in Appendix D. The GEC efficiency as

a function of nPV for a TCK of 0x5A0032 is shown in Fig. 4.14(a) for the L0Muon

line and in Fig. 4.14(b) for the L0DiMuon line, with the values displayed in Table. 4.5.

The full set of GEC efficiencies by TCK are shown in Appendix. D. It can be seen that

for the L0DiMuon line, the GEC efficiency is approximately constant at a value of ∼1.

The L0Muon line has an efficiency which reduces from ∼1 for nPV = 1 to ∼0.4 for

nPV = 7. The difference in the GEC efficiencies between the two lines is caused by the

difference in the value of the SPD multiplicity where GEC are imposed. It should be

noted that in the final selection of double J/ψ events, only 6 % have more than 3 nPV,

and none have nPV = 7.
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Figure 4.13: The L0Dimuon SPD background subtracted multiplicity distribution
fitted with the sum of two gamma functions for a TCK of 0x760037, with the individual
gamma functions shown in the dotted and dashed blue and green lines and the sum of
the two gamma functions shown by the solid black line.
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Figure 4.14: The GEC efficiency as a function the number of primary vertices for a
TCK of 0x5A0032, Magnet Up.
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4.8 Efficiency Corrected Yield

In order to extract the efficiency corrected yield, Ncorr, an sPlot technique [82] is utilised.

Using the invariant mass fit of the double J/ψ pair, each of the signal candidates is given

a statistical weight, wi, for it to be signal. The corrected yield is given by

N corr =
n∑

i=0

wi

εtoti
(4.15)

where εtoti , the total efficiency for that event, is given by equation 4.5. This gives a

weighted yield of 21517 ± 1400 double J/ψ events.

4.9 Systematic Uncertainty

A number of sources of systematic uncertainty have been studied and their effect upon

the cross-section has been evaluated.

4.9.1 Track Reconstruction

The track reconstruction efficiency, which measures the probability that a charged par-

ticle that passes through the full tracking system is reconstructed, differs between data

and MC, as described in Sec. 4.7.1. A systematic uncertainty of 0.4 % per track was

calculated from a process of re-weighting a number of parameters of the MC, such as

the number of primary vertices or the number of tracks in different sub-detectors [90].

The uncertainties associated with the tracking efficiency were included in the evaluation

of the reconstruction efficiency uncertainty, as described in Sec. 4.9.2.

4.9.2 Efficiency Weighting

The systematic uncertainty associated with the efficiency event weighting was evaluated

by the use of a ‘toy’ Monte Carlo study. For each toy, a random efficiency was generated,

distributed as a Gaussian of mean equal to the measured efficiency and error equal to
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the efficiency error. This random efficiency was used to weight the signal events using

equation 4.6. The difference between this toy cross-section and the nominal cross-section

was plotted, with the sigma of this distribution taken as the uncertainty. This process

was carried out using 1000 toys for each of the muon identification, trigger, geometric

and selection and reconstruction efficiency. The uncertainties arising from the IsMuon

and tracking efficiency corrections, as described in Sec. 4.7.1, were evaluated with the

reconstruction efficiency.

The plots from the toy MC study are shown in Fig 4.15. The uncertainty for the selec-

tion and reconstruction efficiency, δεsel&rec, was estimated to be 0.21 %, for the trigger

efficiency, δεtrg, to be 2.1 %, for the muon ID efficiency, δεµID, to be 0.13 %, and for the

geometric efficiency, δεgeo, to be 0.19 %. The trigger efficiency error is approximately

an order of magnitude larger that the other efficiency weighting errors; as described in

Sec. 4.7.4, the small size of the TIS&���TOS sample leads to large statistical errors in

the trigger efficiency. This can be negated by using an alternative form of the trigger

efficiency, as shown in Eqn. 4.13, which can significantly reduce the statistical errors on

the trigger efficiency and therefore the systematic errors in the efficiency weighting.

4.9.3 Global Event Cuts

The effect of global event cuts, applied in order to remove very high multiplicity events,

has been studied in Sec. 4.7.5. The error on the GEC efficiency was estimated by use of

a toy MC study. The parameters of the fit of the SPD distribution were smeared by a

Gaussian with width equal to the errors on those parameters. These smeared parameters

were then used to calculate a new GEC efficiency, and the difference between this value

and the nominal signal was plotted, with the sigma of this distribution taken as the

error. This process was carried out for 1000 toys. As shown in Table. 4.5 the uncertainty

associated with the GEC is small and can be ignored.
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Figure 4.15: Efficiency weighting uncertainty, showing the difference between the nomi-
nal cross-section and the toy cross-section, which is randomly generated with a Gaussian
of mean equal to the measured efficiency and error equal to the efficiency error.

4.9.4 Decay Tree Fitter

The effect of the selection of the decay tree fitter upon the four muon vertex was ex-

amined in Sec. 4.7.1. An efficiency of 0.9865 ± 0.0003 was found. The uncertainty

associated with the decay tree fitter is small and can therefore be ignored.

4.9.5 Fit Model

The systematic uncertainty associated with the choice of fit model was estimated by

studying the impact on the total cross-section of altering the fit parameters and fit

model, as described in Sec. 4.6. Table 4.6 summarises the fit yield and cross-section

obtained from using alternative fit models and a systematic error of 2.0 % was associated

with the fit model.
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Table 4.6: Raw yields and cross-sections calculated using various fit models.

Model Fit Yield Cross-section nb

DCB 1816 ± 50 6.08 ± 0.40 (stat) ± 0.29 (syst)
DCB ‘Optimum’ 1856 ± 50 6.19 ± 0.40 (stat) ± 0.30 (syst)

Hypatia 1831 ± 51 6.13 ± 0.40 (stat) ± 0.30 (syst)
CB 1778 ± 50 5.95 ± 0.40 (stat) ± 0.29 (syst)

4.9.6 Multiple Candidate Events

The muons from each event were combined in all viable opposite charge combinations

to create two J/ψ . 21 events had two viable combinations of muons that survived

all selection criteria. All of these ‘multiple candidate’ events were included in the final

selection, as explained in Sec. 4.6. The percentage difference in the resulting cross-section

between removing one of the multiple candidate events at random and keeping all of

the multiple candidate events was 0.5 %, which was taken as the associated systematic

uncertainty.

4.9.7 Cross Feed

Due to resolution effects, J/ψ candidates can potentially be assigned to the wrong pT

or y bin. The pT and y resolution was previously studied in Ref. [95] using a J/ψ MC

sample and the pT resolution estimated to be 12.7 ± 0.2 MeV/c and the y resolution to

be (1.4 ± 0.1) × 10−3. The size of the y resolution is negligible compared to the y bin

width and can therefore be ignored. The more significant effect of the pT resolution was

studied in Ref. [95] and a systematic of 0.5 % per bin assigned.

4.9.8 Uncertainty Due to the Unknown Polarisation

Unpolarised MC samples are used in this study, however, the J/ψ pair may be polarised.

Polarisation of the J/ψ pair would change the opening angle between the produced

muons, which would lead to to a distortion in the reconstruction and selection and

geometric efficiency distributions. In order to calculate the maximum uncertainty due

to the unknown polarisation, the reconstruction and selection efficiency was re-calculated
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Table 4.7: Cross-sections calculated using polarisation weighted reconstruction and
selection efficiencies. The efficiency is a function of pT and rapidity with 20 bins in pT
and 10 in rapidity.

Polarisation State σJ/ψJ/ψ
No Polarisation 6.08 ± 0.40 (stat) ± 0.29 (syst)

Transversely Polarised 7.38 ± 0.50 (stat) ± 0.34 (syst)
Longitudinally Polarised 4.54 ± 0.30 (stat) ± 0.24 (syst)

for maximally longitudinally and transverse polarisations and the cross-section also re-

calculated. Each event is weighted with the normalised two dimensional angular decay

distribution

fp =
d2N

d cos θdφ
= (

3

4π(3 + λθ)
)(1 + λφ cos2 θ + λθφ sin 2θ cosφ+ λφ sin2 θ cos 2φ) (4.16)

where θ, the polarisation angle, is the angle between the direction of the positive muon

and the Lorentz boost from the lab frame to the J/ψ centre of mass frame. φ is the

azimuthal angle, measured with respect to the plane formed by the momenta of the

colliding hadrons in the J/ψ rest frame. λθ, λθφ and λφ are the polarisation parameters.

When the polarisation is completely longitudinal the polarisation parameters (λθ, λθφ,

λφ) have values (-1, 0, 0); when the polarisation is completely transverse the parame-

ters have value (1, 0, 0). The reconstruction and selection efficiency was evaluated by

reweighting on an event by event basis

εrec =

∑NRec
i=1 fp(θ, φ)

∑NTot
i=1 fp(θ, φ)

(4.17)

A totally transversely polarised J/ψ pair would mean that the measured cross-section

was increased to ∼7.4 nb, whereas, a totally longitudinal polarisation could reduce the

cross-section to be ∼4.5 nb, as is shown in Table 4.7. The uncertainty due to the

unknown polarisation is therefore approximately 30%, although it should be noted that

if the J/ψ polarisation is zero, then the cross-section measured in this study will be

correct.
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Table 4.8: Relative systematic errors on cross-section measurements.

Source Systematic uncertainty

δεsel&rec 0.21 %
δεtrg 2.1 %
δεµID 0.13 %
δεgeo 0.19 %
Fit model 2.0 %
Double Counted events 0.5 %
Cross Feed 0.5%
J/ψ polarisation 30 %
Luminosity 3.5%
J/ψ to µ+µ− branching ratio 2 × 1%

4.9.9 Additional Sources of Uncertainty

The luminosity is measured with an error of 3.5 % over the data taking period used in

this analysis [87]. Additionally, the branching ratio of J/ψ to µ+ µ is 5.93 ± 0.06 [17].

4.9.10 Summary

A summary of the systematical uncertainties, which are assumed to be uncorrelated, is

contained in Table 4.8. The uncertainty due to the unknown polarisation of the J/ψ pair

is almost an order of magnitude larger than other sources of uncertainty. Aside from this

uncertainty, the uncertainty due to the luminosity measurement, the error on the trigger

efficiency and the error on the fit model dominate the remaining uncertainties. The

errors due to the uncertainty on the mu PID, geometric and selection and reconstruction

efficiencies are small, as are the errors due to cross feed and double counted events.
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Figure 4.16: The reweighed reconstruction and selection efficiency for TCK 0x5A0032,
magnet up polarity.
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4.10 Results

4.10.1 Cross-section

The cross-section for the production of double J/ψ pairs is estimated from

σ =
1

L × B2
µ+µ

×N corr (4.18)

where L is the integrated luminosity, Bµ+µ is the branching ratio of J/ψ to µ+ µ−

(5.93 ± 0.06 [17]) and N corr is the efficiency corrected number of events.

The cross-section at a centre of mass energy of
√
s = 7 TeV in the LHCb rapidity range

of 2 < y < 4.2 with pT < 10 GeV has been calculated using an integrated luminosity of

998 ± 35 pb−1 to be

6.08 ± 0.40 (stat) ± 0.29 (syst) nb.

where the errors do not include the uncertainty due to the unknown polarisation of the

double J/ψ , which is estimated to be up to 30 %.

Ref. [10] reported a double J/ψ production cross-section of 5.1± 1.0 (stat)± 1.1 (syst) nb,

made on 37.5 pb−1 of data collected at LHCb at
√
s = 7 TeV. This measurement was

carried out with a larger rapidity fiducial volume of 2 < y < 4.5, so cannot be di-

rectly compared, but appears to be compatible with the result from this study. The

cross-section calculated in this study will be compared to selected theoretical models in

Sec. 4.10.4.

4.10.2 Cross-section stability

The double J/ψ cross-section was also calculated for each individual TCK, which can

be seen in Table. 4.9. The cross-section is consistent between individual TCK datasets.
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Table 4.9: Double J/ψ cross-section by TCK.

TCK σ nb

0x5A0032 4.56 ± 0.53 (stat) ± 0.24 (syst)
0x6D0032 5.82 ± 0.68 (stat) ± 0.28 (syst)
0x730035 5.41 ± 0.57 (stat) ± 0.27 (syst)
0x760037 7.09 ± 0.98 (stat) ± 0.33 (syst)
0x790038 6.08 ± 0.72 (stat) ± 0.29 (syst)
0x790037 4.50 ± 1.08 (stat) ± 0.23 (syst)

4.10.3 Differential Cross-Sections

A number of differential cross-sections have been calculated and compared to theoretical

models. In order to extract each differential cross-section, the double J/ψ sample was

binned in 10 equal sized bins in the relevant variable of interest, except for the absolute

difference in rapidity distribution, which used 5 bins due to problems with fitting the

tail of the distribution. The number of double J/ψ events within each bin was estimated

using a two dimensional maximum likelihood fit method with a double sided Crystal Ball

function for the signal and an exponential function for the background, as described in

Sec. 4.5. The efficiency corrected yield was extracted, using an sPlot technique, as

described in Sec. 4.8.

The transverse momentum spectra for the J/ψ pair in the region 0 - 10 GeV/c, with a

bin width of 1 GeV/c, is displayed in Fig. 4.17, which shows the distribution peaks in

the region around 1.5 GeV/c. The total invariant mass spectra for the J/ψ pair between

6 - 14 GeV/c2, with a bin size of 0.8 GeV/c2, is shown in Fig. 4.18; the distribution is

at a maximum in the low mass range between 6 - 7.5 GeV/c2. The absolute difference

in rapidity between the J/ψ pair, in the region of |∆y| of 0 - 2, with bin size of 0.4,

is displayed in Fig. 4.19; for smaller values of |∆y| the distribution is at its maximum,

which falls away as the rapidity difference increases. Fig. 4.20 shows the difference in

azimuthal angle between the two J/ψ with ten bins in the region 0 - π; this distribution

is approximately flat. The error bars show the statistical and systematic uncertainty

combined in quadrature, excluding the uncertainty due to the unknown polarisation.
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Table 4.10: Sum of the differential cross-sections for the transverse momentum spectra
(total pT). the total invariant mass (Total Inv. Mass), the absolute difference in rapidity
distribution (∆y) and the difference in azimuthal angle (∆φ).

Differential Distribution σJ/ψJ/ψ nb

Total pT 6.02 ± 0.93 (stat) ± 0.52 (syst)
Total Inv. Mass 6.06 ± 0.91 (stat) ± 0.39 (syst)

|∆y| 6.09 ± 0.84 (stat) ± 0.57 (syst)
∆φ 6.11 ± 1.18 (stat) ± 0.43 (syst)

The integrals of the differential cross-sections are shown in Table. 4.10, which are in

good agreement with the total measured cross-section. The measured cross-section in

each differential distribution bin is tabulated in Appendix. E.

4.10.4 Comparison with Theoretical Models

The total and differential cross-sections, calculated in the previous sections, are com-

pared with two different LO CS SPS models and a NRQCD DPS prediction in this

section. The theoretical predictions have been made using the same fiducial volume as

this study.

The first LO CS SPS [34] model, (‘BLLN-SPS’) includes feed-down from ψ(2s) states but

not χc states. Initial State Radiation (ISR) is taken into account with the Pythia MC

generator, with the hard subprocess scale set at the J/ψ transverse mass, m
J/ψ
T , which is

equal to
√
m2
J/ψ + pT

2, wheremJ/ψ is the physical J/ψ mass. The second LO CS SPS [44]

model, (‘KKS-SPS’) does not include feed-down from higher charmonium states. The

hard subprocess scale is also set at the J/ψ transverse mass and ISR and the intrinsic pT

of the partons are implemented in the MC event generator Herwig++ v2.4.2 [96]. The

NRQCD DPS prediction, also from Ref. [44], doesn’t explicitly include feed-down from

higher states, but this is implicitly included by approximating the matrix element for

production of a prompt J/ψ through a fit to experimental pT differential cross-section

distributions. The result is calculated in Herwig++, with ISR and intrinsic pT of the

partons switched off, as these are taken into account in the approximated matrix element.
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The BLLN-SPS model predicts a total cross-section of 3.2 nb with an uncertainty of

approximately 30 %, the KKS-SPS model predicts a cross-section of 1.7 nb and the DPS

predicts a value of 3.3 nb. The two LO CS SPS models cannot be directly compared, as

the KKS-SPS model does not include feed-down, which accounts for approximately 25 %

of the KKS-SPS cross-section. Additionally, uncertainties on the LO CS SPS models are

significant, which are dominated by the choice of scale of the hard subprocesses [34]. The

DPS prediction also contains significant uncertainties, one of the main sources of which

is the value of the effective cross-section, used in the factorisation of the two independent

scatterings. The KKS-SPS predicted cross-section only accounts for approximately half

of the measured value. The BLLN-SPS and DPS model together predict a cross-section

of approximately 5 nb, which, accounting for no feed-down in the BLLN-SPS model and

potential uncertainties, is in reasonable agreement with the measured value.

The BLLN-SPS and DPS predictions are compared to the measured differential cross-

sections in Fig 4.17(a), 4.18(a), 4.19(a) and 4.20(a). The DPS prediction is shown by a

dashed purple line, the SPS with ISR is shown with a red dashed line, the blue dashed

line indicates the SPS with ISR and intrinsic pT of the partons, and the solid green line

shows the sum of the SPS with ISR and intrinsic pT and the DPS distribution. There

is no significant difference between the two SPS distributions, which will be referred

to together as BLLN-SPS. The KKS-SPS model is shown alongside the experimentally

determined values in Fig 4.17(b), 4.18(b), 4.19(b) and 4.20(b). The dotted line shows

the prediction of the model, with the red band showing the uncertainty that arises from

varying the scale at which the hard subprocesses occur from 0.5 m
J/ψ
T to 2 m

J/ψ
T .

In addition to theoretical uncertainties in the total predicted cross-section, theoretical

uncertainties also affect the shape of the predicted differential distributions. As the

model dependent ISR and intrinsic pT effects in the two LO CS SPS models give rise

to the transverse momentum spectrum of the J/ψ pair, this causes large theoretical un-

certainties in the transverse momentum distribution and also the azimuthal correlation

distributions. In particular, the shape of the azimuthal correlation distribution is model

dependent [44]. However, the invariant mass spectrum is largely insensitive to these

uncertainties, and is therefore a better indication of the underlying LO CS model. The
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difference in rapidity distribution is also more stable against model dependent effects,

as compared to the difference in azimuthal angle [34].

In Fig. 4.17(a), the DPS contribution to the transverse momentum spectrum in the

low pT region is approximately double that of the KKS-SPS. For values of pT above

5 GeV/c the KKS-SPS and DPS contributions are approximately the same. The ex-

perimental cross-section for values of pT larger than 3 GeV/c is well described by the

combined KKS-SPS and DPS models. However, for low values of pT, the combined

distribution only makes up around half of the measured cross-section and fails to pre-

dict the peaked experimental distribution around ∼1.5 GeV/c. The BLLN-SPS model

shown in Fig. 4.17(b) again fails to model the peak in the experimental distribution and

substantially underestimates the magnitude of the entire distribution.

The DPS total invariant mass spectrum for the J/ψ pair distribution, shown in Fig. 4.18(a),

has a broader shape than the KKS-SPS model. The experimental total invariant mass

spectrum is in good agreement with the combined KKS-SPS and DPS distribution, par-

ticularly for values above 10 GeV/c2, where the DPS contribution dominates. The shape

of the BLLN-SPS theoretical distribution in Fig. 4.18(b) largely matches the shape of

the measured distribution, although underestimating the size of it.

The DPS and KKS-SPS difference in rapidity distribution between the two J/ψ mesons,

shown in Fig. 4.19(a) are approximately the same size for small |∆y|, however, the DPS

contribution becomes increasingly dominant for increasing rapidity separation; above a

value of |∆y| of ∼ 1.2, the KKS-SPS is insignificant compared to the DPS. For small

values of rapidity difference the combined KKS-SPS and DPS distribution describes the

experimental distribution well. For larger |∆y| values, which are thought to contain

little or no contribution from LO CS SPS, the DPS contribution is well matched to the

experimental results. The BLLN-SPS model in Fig. 4.19(b) increasingly underestimates

the distribution for increasing |∆y|.

In Fig. 4.20(a) the DPS azimuthal angle correlation distribution is shown to be flat,

which is due to the J/ψ being produced in independent scattering events. The KKS-

SPS distributions are peaked towards ∆φ = 0, whereas, the BLLN-SPS is completely

flat, with the uncertainty bands becoming increasingly large away from the centre of the
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distribution. The difference in shape of the ∆φ distribution between the two LO CS

models is due to the fact that the shape of the LO CS ∆φ distribution is model de-

pendent [34]. The LO CS SPS ∆φ distributions are therefore not a useful variable to

discriminate between the models. The experimental distribution is reasonably well de-

scribed by the combined DPS and KKS-SPS distribution in Fig. 4.20(a), although the

theory tends to underestimate the experiment for larger values of ∆φ. The BLLN-SPS

model from 4.20(b) estimates the shape better, but underestimates the magnitude.

4.10.5 Summary

The cross-section for double J/ψ production at a centre of mass energy of
√
s = 7 TeV

in the LHCb rapidity range of 2 < y < 4.2 with pT < 10 GeV has been calculated to be

6.08 ± 0.40 (stat) ± 0.29 (syst) nb. The uncertainty due to the unknown polarisation is

estimated to be up to 30 %, although the measured cross-section will be correct in the

absence of polarisation.

LO CS SPS models predict a cross-section which at most is approximately half the value

measured in this study [44] [34]. Double parton scattering contributions to the cross-

section may be as large, or larger than LO CS SPS contributions [44]. However, next

to leading order CS contributions may also be significant [22] as could be NRQCD LO

and NLO predictions [35], which therefore could reduce the need for a substantial DPS

component. Colour octet contributions to production are thought to be negligible in

the LHCb acceptance [35]. At present, significant theoretical uncertainties exist in all of

these predictions, although, it appears that the LO CS SPS model alone cannot account

for the measured cross-section.

The theoretical differential distributions are similarly affected by theoretical uncertain-

ties, although the invariant mass distribution and difference in rapidity distribution are

less affected by the model dependent effects. These two differential distributions could

indicate there is a significant DPS component to double J/ψ production; the ∆y distri-

butions show signal in a region of large rapidity difference where there is expected to be

little or no contribution from LO CS SPS, as does the total invariant mass spectrum for

values above 10 GeV/c2.
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The results calculated in this study appear to indicate contributions other than the LO

CS SPS are required to explain the total cross-section of double J/ψ production, and

selected differential cross-sections may indicate a DPS component is present, but further

work both theoretical and experimental, primarily measuring the polarisation of the J/ψ

pair, is required to more fully elucidate this.
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(b) ‘BLLN-SPS’ model Ref. [34] shown with black dotted line, with associated uncertainty shaded in
red.

Figure 4.17: The transverse momentum spectra of the double J/ψ pair. The error bars
show the statistical and systematic uncertainty combined in quadrature, excluding the
uncertainty due to the unknown polarisation.
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Figure 4.18: The total invariant mass spectra of the double J/ψ pair. The error bars
show the statistical and systematic uncertainty combined in quadrature, excluding the
uncertainty due to the unknown polarisation.
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(b) ‘BLLN-SPS’ model Ref. [34] shown with black dotted line, with associated uncertainty shaded in
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Figure 4.19: The absolute rapidity difference between the J/ψ pair. The error bars
show the statistical and systematic uncertainty combined in quadrature, excluding the
uncertainty due to the unknown polarisation.
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Figure 4.20: The azimuthal correlations for the J/ψ pair. The error bars show the sta-
tistical and systematic uncertainty combined in quadrature, excluding the uncertainty
due to the unknown polarisation.



Chapter 5

Conclusions

The LHCb experiment is designed to make precision measurements of CP violation and

to search for new physics in quantum loop processes. Particle identification is paramount

to these goals and LHCb employs two Ring Imaging Cherenkov Detectors, RICH1 and

RICH2, to this end. The performance of the RICH detectors strongly depends on a

number of elements being properly aligned and calibrated. These elements include the

RICH2 mirrors, which reflect Cherenkov photons out of the detector acceptance and onto

photo-detectors. In Chapter 3, a procedure to speed up the RICH2 mirror alignment was

developed, using only the track position in the RICH2 detector. It will be used in the

HLT2 to pre-select tracks to evenly populate the mirror pairs used for alignment of the

RICH2 mirrors, potentially reducing the amount of data that needs to be reconstructed

by two orders of magnitude. Work is ongoing to turn the selection criteria into a HLT2

line.

Quarkonia production has been an active area of both theoretical and experimental en-

deavour since the discovery of the J/ψ particle four decades ago. Despite much progress,

theoretical models still fail to fully describe both the kinematic and polarisation exper-

imental data. Experimental uncertainties are already smaller than those on theoretical

models, therefore, the study of further sources of quarkonium production, such as double

J/ψ production are motivated. Double J/ψ production is also thought to offer an insight

into events where two hard scatterings take place, which are expected to be significant

in number at the LHC.
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Double J/ψ production was first observed a little over three decades ago by the NA3

collaboration and was measured at a hadron collider for the first time by the LHCb

experiment in 2010. More recently, double J/ψ production has also been measured at

the CMS and D0 experiments, with both results indicating that DPS may be present.

In Chapter 4, the cross-section for double J/ψ production at a centre of mass energy

of
√
s = 7 TeV in the LHCb rapidity range of 2 < y < 4.2 with pT < 10 GeV was

measured to be 6.08 ± 0.40 (stat) ± 0.29 (syst) nb. The uncertainties on this value do

not include the uncertainty due to the unknown polarisation, which was estimated to be

up to 30 %. The cross-section appears to be consistent with the previous measurement

at LHCb, although it cannot be directly compared, as the 2010 LHCb study was carried

out in a slightly larger fiducial volume.

Significant uncertainties exist on theoretical models of double J/ψ production. Leading

order colour singlet SPS models have uncertainties of at least 30 % and predict a cross-

section that at most is approximately half the value measured in this study, although

NLO CS contributions may also be significant. DPS contributions to production are

theorised to be significant; potentially of the same order, or larger than LO CS SPS con-

tributions, although uncertainties are also potentially large on this prediction. NRQCD

LO and NLO order calculations may be able to account for the measured cross-section

alone, although very large uncertainties of well over 100 % exist on these predictions.

Colour octet production is thought to be negligible in the fiducial volume measured in

this study, only becoming significant for a pT above 10 GeV. The predicted theoreti-

cal differential distributions also have large uncertainties, although the invariant mass

distribution and difference in rapidity distribution are less affected by model dependent

effects than the combined pT or difference in azimuthal angle distributions. The dif-

ference in rapidity is thought to be the most useful differential distribution in order to

distinguish DPS and SPS production, with DPS being characterised by a larger rapidity

difference than SPS. In this study, the measured ∆y distributions show signal in a region

of large rapidity difference where there is expected to be little or no contribution from

LO CS SPS.
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In conclusion, the cross-section for double J/ψ production calculated in this study ap-

pears to indicate contributions other than the LO CS SPS are required, and the difference

in rapidity differential distribution may indicate a DPS component is present. However,

in order to draw more firm conclusions, the polarisation of the J/ψ pair should be mea-

sured, in order to reduce the associated uncertainty, and also theoretical uncertainties

should be further reduced.



Appendix A

RICH2 HLT Track Selection
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Table A.1: Left hand side mirror pairs, showing the reconstruction efficiency, the x and
y co-ordinates in the plane of the RICH2 primary mirrors in mm of selected sub-areas
and the number of events required to pass through the RICH2 to find the requisite data
to carry out the alignment for that mirror pair.

Mirror pair εrecoφ Xstart Xend Ystart Yend Events required

p12s8 0.50 125 150 115 162 139647
p16s8 0.09 10 70 0 200 201528
p16s12 0.59 50 150 388 424 63020
p20s12 0.47 92 138 626 662 967183
p20s16 0.60 50 75 840 870 5821445
p24s16 0.71 50 80 1010 1050 4193497
p8s8 0.29 10 40 -176 -120 84384
p8s4 0.58 50 75 -493 -307 51607
p4s4 0.46 70 190 -690 -612 159526
p4s0 0.52 135 181 -950 -885 1728460
p0s0 0.67 56 91 -1175 -1121 3875369
p12s9 0.71 330 360 -100 100 3891
p17s9 0.18 400 425 136 221 295831
p17s13 0.67 425 450 393 479 153868
p21s13 0.43 475 500 662 697 3308426
p21s17 0.39 471 506 870 930 4441071
p25s17 0.78 480 510 1248 1294 6243651
p9s9 0.32 423 469 -232 -120 60132
p9s5 0.58 375 400 -423 -400 434635
p5s5 0.49 467 533 -692 -656 767232
p5s1 0.32 500 600 -960 -840 1067981
p1s1 0.75 450 500 -1229 -1074 545478
p13s9 0.51 475 500 -110 10 63681
p13s10 0.68 733 800 50 150 174107
p18s10 0.21 825 850 100 250 1933720
p18s14 0.62 832 868 375 400 1829125
p22s14 0.53 920 980 621 707 1161192
p22s18 0.30 975 1000 930 1050 13497029
p26s18 0.77 900 1000 1274 1310 4121874
p22s19 0.11 1175 1250 900 1050 82861336
p27s19 0.72 1520 1607 1211 1277 51084416
p10s10 0.31 832 868 -232 -120 953719
p10s6 0.57 820 850 -568 -531 2299842
p6s6 0.59 900 950 -697 -662 2853442
p6s2 0.26 938 985 -950 -850 10029073
p2s2 0.72 880 905 -1280 -1190 7809411
p6s3 0.05 1100 1400 -1050 -750 26946222
p3s3 0.70 1382 1459 -1203 -1155 46827381

p14s10 0.72 906 941 -80 -40 196676
p14s11 0.53 1190 1220 -38 -2 4279539
p19s11 0.21 1262 1292 140 280 11818804
p19s15 0.66 1300 1400 438 467 5159242
p23s15 0.70 1417 1633 579 682 3897943
p11s11 0.25 1253 1307 -253 -147 8908265
p11s7 0.70 1304 1341 -552 -488 10716714
p7s7 0.64 1312 1423 -720 -640 6235813

p15s11 0.72 1300 1500 0 38 1130921
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Table A.2: Right hand side mirror pairs, showing the reconstruction efficiency, the x
and y co-ordinates in the plane of the RICH2 primary mirrors in mm of selected sub-
areas and the number of events required to pass through the RICH2 to find the requisite
data to carry out the alignment for that mirror pair.

Mirror pair εrecoφ Xstart Xend Ystart Yend Events required

p43s31 0.51 -150 -125 -150 -125 239105
p47s31 0.10 -42 4 0 200 214851
p47s35 0.63 -75 -50 400 467 131633
p51s35 0.54 -150 -75 625 650 897816
p51s39 0.61 -120 -60 875 900 4211715
p55s39 0.71 -100 -60 1032 1105 3229475
p39s31 0.22 -40 -10 -176 -120 117364
p39s27 0.63 -50 -25 -493 -447 218830
p35s27 0.48 -130 -70 -690 -625 511605
p35s23 0.52 -162 -126 -950 -820 1716746
p31s23 0.75 -50 -25 -1175 -1012 2663169
p43s30 0.70 -360 -330 -43 43 7170
p46s30 0.20 -430 -400 136 221 233243
p46s34 0.63 -425 -400 373 419 322602
p50s34 0.46 -550 -520 625 650 5832426
p50s38 0.44 -520 -490 850 950 3986547
p54s38 0.71 -500 -450 1018 1064 3213947
p38s30 0.28 -430 -400 -260 -120 104618
p38s26 0.61 -453 -418 -484 -456 439348
p34s26 0.46 -500 -475 -692 -656 3558945
p34s22 0.40 -520 -400 -930 -780 1007402
p30s22 0.75 -475 -450 -1280 -1100 1906672
p42s30 0.55 -500 -475 -50 250 36237
p42s29 0.68 -775 -750 -93 -7 728171
p45s29 0.23 -850 -825 100 300 2467061
p45s33 0.61 -875 -850 490 520 5251669
p49s33 0.54 -920 -890 690 750 8086956
p49s37 0.27 -950 -800 850 950 5211899
p53s37 0.75 -900 -750 1052 1138 1989434
p49s36 0.04 -1250 -1100 900 1050 129523886
p52s36 0.72 -1433 -1347 1052 1138 12771104
p37s29 0.37 -825 -800 -260 -120 1573585
p37s25 0.55 -873 -827 -568 -531 2694911
p33s25 0.56 -925 -900 -697 -662 11355699
p33s21 0.23 -1000 -975 -975 -900 54156625
p29s21 0.74 -933 -898 -1352 -1136 3652171
p33s20 0.05 -1250 -1100 -1050 -850 115160670
p28s20 0.76 -1433 -1289 -1300 -1155 7637979
p41s29 0.70 -925 -900 -20 130 238887
p41s28 0.57 -1220 -1190 -2 33 6430414
p44s28 0.21 -1288 -1247 140 280 10957945
p44s32 0.65 -1350 -1175 496 525 6083721
p48s32 0.60 -1460 -1200 613 728 2924575
p36s28 0.31 -1280 -1253 -200 -40 12049602
p36s24 0.67 -1385 -1335 -488 -424 8210445
p32s24 0.64 -1541 -1456 -650 -600 19485098
p40s28 0.76 -1420 -1100 0 112 311224



Appendix B

Optimisation of Selection Criteria

In order to tune the selection criteria to best optimise the signal, the statistical signifi-

cance [100] of the signal was utilised, defined as

Sig =
Nsig√

Nsig +Nbkg

(B.1)

where Nsig is the number of signal J/ψ and Nbkg is the number of background particles.

The significance was calculated using a data sample of 1 M single J/ψ , collected with

a TCK of 0x5A0032; Monte Carlo was not utilised, as the full background in the MC

sample is not generated. The values of Nsig and Nbkg were extracted from a fit to the

J/ψ invariant mass distribution, using a double Crystal Ball function for the signal and

an exponential function for the background.

The selection criteria, listed in Sec. 4.5, were applied with anstanz values, except for

the selection criteria of interest, which was varied and the statistical significance was

calculated. The optimum value of the selection criteria of interest was extracted, which

corresponded to the selection value with the highest statistical significance. The process

was repeated again using the optimum values extracted as the new anstanz values of the

selection criteria.

Fig. B.1 shows the statistical significance as a function of the PNNMu selection criteria,

with Fig. B.2, Fig. B.3 and Fig. B.5 showing respectively, the statistical significance as

a function of the Pghost, χ
2
DTF−J/ψ and χ2

tr/nDoF selection criteria. The values of the

optimum selection criteria can be seen in Table. 4.4. Fig. B.5 shows the selection criteria

of the quality of the J/ψ vertex, χ2
J/ψ . The significance is not improved by tightening

this selection criteria above the lose selection of χ2
J/ψ < 20 that is carried out in the

stripping line. The values of the optimised selection criteria are shown in Table. B.1.
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Table B.1: Optimised selection criteria.

Selection Criterion

χ2
tr/nDoF < 2.1
PNNMu > 0.4
χ2
V X < 20

Pghost < 0.2
χ2
DTF−J/ψ /nDoF < 12.5
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Figure B.1: Statistical significance as a function of the probNNMu selection criteria
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Figure B.2: Statistical significance as a function of the Pghost selection criteria



Double J/ψ Production 120

DTF
8 10 12 14 16

S
ig

ni
fic

an
ce

296

296.5

297

297.5

298

Figure B.3: Statistical significance as a function of the χ2
DTF−J/ψ selection criteria

muTrack

2
Χ

1.5 2 2.5 3

S
ig

ni
fic

an
ce

278
280
282
284
286
288
290
292
294
296
298

Figure B.4: Statistical significance as a function of the χ2
tr/nDoF selection criteria

-vertexψJ/

2
Χ

0 5 10 15 20

S
ig

ni
fic

an
ce

210

220

230

240

250

260

270

280

290

300

Figure B.5: Statistical significance as a function of the χ2
J/ψ selection criteria



Appendix C

Efficiency by TCK

C.1 Trigger Efficiency
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(b) 0x5A0032 magnet down.
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(c) 0x6D0032 magnet down.
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(d) 0x730035 magnet up.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 0.39±

0.31

 0.17±

0.52

 0.18±

0.52

 0.16±

0.56

 0.11±

0.62

 0.10±

0.69

 0.08±

0.72

 0.07±

0.77

 0.07±

0.74

 0.07±

0.79

 0.06±

0.81

 0.07±

0.83

 0.04±

0.88

 0.10±

0.90

 0.06±

0.86

 0.09±

0.91

 0.10±

0.90

 0.03±

0.96

 0.10±

0.90

 0.12±

0.87

 0.13±

0.60

 0.08±

0.60

 0.06±

0.64

 0.05±

0.70

 0.05±

0.72

 0.04±

0.76

 0.04±

0.78

 0.03±

0.85

 0.03±

0.83

 0.03±

0.83

 0.03±

0.90

 0.02±

0.92

 0.02±

0.91

 0.02±

0.91

 0.02±

0.94

 0.02±

0.96

 0.04±

0.88

 0.02±

0.94

 0.06±

0.90

 0.06±

0.92

 0.11±

0.62

 0.06±

0.70

 0.04±

0.73

 0.04±

0.74

 0.03±

0.78

 0.03±

0.80

 0.03±

0.80

 0.03±

0.84

 0.03±

0.88

 0.02±

0.89

 0.03±

0.86

 0.08±

0.92

 0.02±

0.92

 0.03±

0.87

 0.02±

0.94

 0.03±

0.93

 0.03±

0.94

 0.03±

0.92

 0.04±

0.90

 0.03±

0.93

 0.09±

0.68

 0.05±

0.71

 0.05±

0.73

 0.04±

0.76

 0.04±

0.79

 0.03±

0.80

 0.03±

0.82

 0.03±

0.85

 0.03±

0.86

 0.02±

0.92

 0.03±

0.87

 0.06±

0.89

 0.02±

0.94

 0.04±

0.89

 0.03±

0.92

 0.04±

0.93

 0.09±

0.92

 0.03±

0.91

 0.07±

0.93

 0.14±

0.90

 0.11±

0.72

 0.07±

0.68

 0.06±

0.72

 0.05±

0.79

 0.04±

0.82

 0.04±

0.82

 0.04±

0.86

 0.04±

0.87

 0.04±

0.87

 0.04±

0.88

 0.07±

0.90

 0.03±

0.95

 0.02±

0.96

 0.06±

0.91

 0.05±

0.96

 0.04±

0.95

 0.04±

1.00

 0.11±

0.90

 0.05±

0.92

 0.07±

1.00

 MeV
t

p
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

R
a

p
id

it
y

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

(e) 0x730035 magnet down.
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(f) 0x760037 magnet up.
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(g) 0x760037 magnet down.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 1.42±

0.15

 0.47±

0.25

 0.36±

0.29

 0.33±

0.31

 0.19±

0.53

 0.16±

0.61

 0.15±

0.67

 0.15±

0.69

 0.11±

0.75

 0.08±

0.86

 0.13±

0.72

 0.08±

0.85

 0.10±

0.85

 0.14±

0.87

 0.09±

0.91

 0.14±

0.75

 0.11±

0.86

 0.09±

0.92

 0.05±

1.00

 0.06±

0.96

 0.33±

0.42

 0.20±

0.35

 0.17±

0.41

 0.15±

0.40

 0.06±

0.77

 0.06±

0.71

 0.07±

0.75

 0.05±

0.85

 0.04±

0.88

 0.05±

0.79

 0.05±

0.84

 0.05±

0.82

 0.03±

0.89

 0.03±

0.93

 0.04±

0.90

 0.05±

0.90

 0.18±

0.83

 0.11±

0.90

 0.09±

0.91

 0.09±

0.88

 0.36±

0.26

 0.16±

0.43

 0.12±

0.40

 0.10±

0.45

 0.06±

0.76

 0.05±

0.79

 0.04±

0.85

 0.04±

0.85

 0.04±

0.83

 0.04±

0.87

 0.04±

0.84

 0.04±

0.89

 0.04±

0.89

 0.03±

0.93

 0.05±

0.89

 0.02±

0.96

 0.16±

0.86

 0.04±

0.94

 0.03±

0.95

 0.04±

0.89

 0.25±

0.47

 0.14±

0.45

 0.12±

0.42

 0.09±

0.51

 0.05±

0.82

 0.04±

0.85

 0.04±

0.85

 0.04±

0.85

 0.04±

0.88

 0.04±

0.89

 0.04±

0.88

 0.05±

0.82

 0.04±

0.91

 0.03±

0.93

 0.05±

1.00

 0.04±

0.91

 0.06±

0.92

 0.13±

0.89

 0.04±

1.00

 0.04±

0.97

 0.25±

0.55

 0.14±

0.49

 0.13±

0.48

 0.13±

0.47

 0.06±

0.81

 0.06±

0.84

 0.06±

0.79

 0.06±

0.85

 0.06±

0.84

 0.04±

0.88

 0.02±

0.99

 0.04±

0.93

 0.06±

0.92

 0.10±

0.89

 0.05±

0.93

 0.07±

0.91

 0.13±

0.91

 0.03±

0.96

 0.11±

1.00

 0.08±

1.00

 MeV
t

p
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

R
a

p
id

it
y

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

(h) 0x790037 magnet Up.
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Figure C.0: The trigger efficiency by TCK.
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Figure C.0: The MuPid efficiency for µ+ by TCK.



Double J/ψ Production 129

C.3 Reconstruction and Selection Efficiency
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Figure C.0: The reconstruction and selection efficiency by TCK.
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Global Event Cuts
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(e) Number of primary vertices = 5.
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Figure D.0: The L0Dimuon background subtracted SPD multiplicity distribution fit-
ted with the sum of two gamma functions for TCK = 0x760037.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(a) 0x5A0032 magnet up.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(b) 0x5A0032 magnet down.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(c) 0x6D0032 magnet down.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(d) 0x730035 magnet up.



Double J/ψ Production 135

nPV

0 2 4 6

G
E

C
E

ff

­0.2

0

0.2

0.4

0.6

0.8

1

(e) 0x730035 magnet down.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(f) 0x760037 magnet up.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(g) 0x760037 magnet down.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(h) 0x790037 Up.

nPV

0 2 4 6

G
E

C
E

ff

0

0.2

0.4

0.6

0.8

1

(i) 0x790038 magnet up.

nPV

0 2 4 6

G
E

C
E

ff

­0.2

0

0.2

0.4

0.6

0.8

1

(j) 0x790038 magnet down.

Figure D.0: The L0Muon global event cut efficiency by TCK.
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Figure D.0: The L0Muon global event cut efficiency by TCK.



Appendix E

Tabulated Differential

Distributions

Table E.1: Cross-section as a function of the total pT

pT GeV/c2 σJ/ψJ/ψ nb

0.50 0.61 ± 0.10(stat) ± 0.03(syst)
1.50 1.59 ± 0.32(stat) ± 0.29(syst)
2.50 1.17 ± 0.12(stat) ± 0.05(syst)
3.50 0.93 ± 0.12(stat) ± 0.04(syst)
4.50 0.45 ± 0.09(stat) ± 0.03(syst)
5.50 0.43 ± 0.05(stat) ± 0.02(syst)
6.50 0.35 ± 0.04(stat) ± 0.02(syst)
7.50 0.27 ± 0.06(stat) ± 0.01(syst)
8.50 0.12 ± 0.02(stat) ± 0.01(syst)
9.50 0.10 ± 0.02(stat) ± 0.01(syst)

Table E.2: Cross-section as a function of the total invariant mass.

Mass GeV/c σJ/ψJ/ψ nb

0.16 0.68 ± 0.12(stat) ± 0.03(syst)
0.47 0.41 ± 0.11(stat) ± 0.03(syst)
0.79 0.56 ± 0.08(stat) ± 0.03(syst)
1.10 0.57 ± 0.17(stat) ± 0.08(syst)
1.41 0.56 ± 0.09(stat) ± 0.03(syst)
1.73 0.61 ± 0.10(stat) ± 0.04(syst)
2.04 0.70 ± 0.17(stat) ± 0.04(syst)
2.36 0.49 ± 0.08(stat) ± 0.03(syst)
2.67 0.59 ± 0.07(stat) ± 0.03(syst)
2.98 0.95 ± 0.20(stat) ± 0.09(syst)
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Table E.3: Cross-section as a function of the absolute rapidity difference.

∆y σJ/ψJ/ψ nb

0.20 2.65 ± 0.29(stat) ± 0.35(syst)
0.60 1.59 ± 0.15(stat) ± 0.07(syst)
1.00 1.11 ± 0.15(stat) ± 0.05(syst)
1.40 0.46 ± 0.07(stat) ± 0.03(syst)
1.80 0.28 ± 0.18(stat) ± 0.06(syst)

Table E.4: Cross-section as a function of difference in azimuthal angle.

∆φ σJ/ψJ/ψ nb

0.16 0.68 ± 0.12(stat) ± 0.03(syst)
0.47 0.41 ± 0.11(stat) ± 0.03(syst)
0.79 0.56 ± 0.08(stat) ± 0.03(syst)
1.10 0.57 ± 0.17(stat) ± 0.08(syst)
1.41 0.56 ± 0.09(stat) ± 0.03(syst)
1.73 0.61 ± 0.10(stat) ± 0.04(syst)
2.04 0.70 ± 0.17(stat) ± 0.04(syst)
2.36 0.49 ± 0.08(stat) ± 0.03(syst)
2.67 0.59 ± 0.07(stat) ± 0.03(syst)
2.98 0.95 ± 0.20(stat) ± 0.09(syst)
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