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Abstract

Proton-lead collisions at
√
sNN = 5.02 TeV were analysed in order to study the

dependency between the production of ϕ mesons and the number of charged par-
ticles produced in the process, called multiplicity. The study of the multiplicity
dependence on the production of particles with strangeness is important for the un-
derstanding of the formation and evolution of the Quark Gluon Plasma. For this
purpose, the observables are constructed in such a way that the detector efficiency
does not bias the study. A ratio between different multiplicity ranges (RCP, Ra-
tio Central-Peripheral) and a double ratio between the RCPs corresponding to the
different colliding beams configurations are calculated. The obtained results are
compared with other observations and discussed as a consequence of some physical
mechanism, such as the Cronin effect or saturation effects.

Keywords: LHCb, HEP, heavy-ion physics, ϕ-meson, strangeness, multiplicity,
charged particles



Resumo

Analizáronse colisións protón plomo a
√
sNN = 5, 02 TeV para estudar a relación

entre a produción de mesóns ϕ e o número de partículas cargadas producidas no
proceso, denominado multiplicidade. O estudo da depencencia da multiplicidade na
produción de partículas con extrañeza é importante para o entendemento da for-
mación e evolución do Plasma de Quarks-Gluóns. Para facelo, os observables son
contruídos de forma que a eficiencia do detector non supoña un nesgo nas obser-
vacións. Calcúlase o cociente entre medidas a diferente muliplicidade (RCP, Ratio
Central-Peripheral) e un dobre cociente entre os RCPs correspondentes ás diferet-
nes configuracións dos feixes que colisionan. Os resultados obtidos son comparados
con outras observacións e discutidos como consecuencia dalgúns mecanismos físicos,
como o efecto Cronin ou efectos de saturación.

Resumen

Se han analizado colisiones protón plomo a
√
sNN = 5, 02 TeV para estudiar

la relación entre la producción de mesones ϕ y el número de partículas cargadas
producidas en el proceso, denominado multiplicidad. El estudio de la dependencia
de la multiplicidad en la producción de partículas con extrañeza es importante para el
entendimiento de la formación y evolución del Plasma de Quarks-Gluones. Para ello,
los observables son construidos de forma que la eficiencia del detector no suponga un
sesgo en el estudio. Se calcula un cociente entre medidas a diferente multiplicidad
(RCP, Ratio Central-Peripheral) y un doble cociente entre los RCPs correspondientes
a las diferentes configuraciones de los haces que colisionan. Los resultados obtenidos
son comparados con otras observaciones y discutidos como consecuencia de algunos
mecanismos físicos, como el efecto Cronin o efectos de saturación.
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1 Introduction

In this dissertation, an analysis of the ϕ meson production as function of the multiplicity of
charged particles in proton-lead collisions is performed. The study is carried out with the
LHCb detector at CERN. The detector features and the detection method are described
in section 2. After presenting the data analysis in section 3, the results and conclusions
can be found in section 4 and 5, respectively.

First, a theoretical introduction is presented. Some theoretical context, as well as the
definition of some important concepts that are essential in the analysis are discussed
below.

1.1 Theoretical picture

Hadronic matter is formed by quarks interacting among them through the strong force.
The mediators of the strong force are gluons. The theoretical framework which describes
the strong force is Quantum Chromodynamics (QCD). Under this framework, hadrons are
asymptotic states at small temperatures and densities.

QCD describes quark and gluon interactions as a function of colour charge. Quarks
and gluons have colour charge (that can be red, green or blue), but all free hadrons are
colourless objects. This constitutes a fundamental property of quark interactions, which
is denominated colour confinement. This property restricts free particles to be colourless,
so it forbids the existence of free quarks or gluons.

Due to its nature, the strong force between quarks decreases (increases) as the distance
between them becomes smaller (bigger). Thus, at very high pressure and temperature,
the strong attraction disappears and a deconfined state is reached. This state of matter,
which has been proven to have a fluid behaviour, is called Quark-Gluon Plasma (QGP)
and can be recreated in high energy collisions.

The Standard Model of Cosmology predicts that until a few milliseconds after the Big
Bang, the universe was in a QGP state. Thus, the study of this state of matter is a very
important step in our understanding of the properties and evolution of the Universe [1].

There are different quarks classified by flavour: up (u), down (d), charm (c), strange
(s), top (t) and beauty (b). Some studies sustain that the production of particles with
strangeness is a good indicator of QGP presence [2]. This is because creating hadrons
composed of strange (anti-)quarks require some initial energy, while in the QGP they are
readily available. For this reason, strange antibaryons and ϕ-mesons are probes of QGP
presence at hadronisation.

1.2 Motivation

On high energy heavy-ion (A−A) collisions, the deconfined QGP state of matter is thought
to be recreated, reaching kinetic and even flavor chemical equilibrium [3]. This statement
has been experimentally observed through many observations, such as the strangeness en-
hancement that the QGP presence should produce [4]. Experimentally, such QGP state
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1.2 Motivation

can be characterised with the produced particle yields. The measurement of hadronic res-
onance yields provides an approach to study the particle production mechanisms and the
characterisation of the dynamic evolution of the QGP. Therefore, such analyses conform
a way of experimentally studying the phase transition predicted by QCD from ordinary
matter to a deconfined QGP.

In heavy-ion collisions, there is a strong relation between the so called centrality of the
collision and the QGP evolution and subsequent hadronisation . The centrality in A−A
collisions can be understood as the geometric overlap of the two colliding nuclei [5], while
there is no fundamental definition of centrality for proton-nucleus (p − A) collisions.
Nevertheless, centrality is highly correlated with the number of charged particles produced
in the collision. Thus, the proton-nucleus collisions can also be classified by their centrality
due to the number of produced charged particles.

The centrality of heavy-ion collisions and the QGP presence is believed to affects to the
angular correlations of the produced particles and its flow. Recently, particle correlations
have been measured for p − p and p − A collisions, obtaining similar structures to those
that were believed to be caused by the presence of QGP measured in A−A collisions [6].
The precise origin of this effects is not fully understood, but assuming that no QGP is
formed on p− A collisions, an alternative explanation is needed.

A good approach to study this type of phenomena is to measure the production of certain
resonances with strangeness and study its dependence on the multiplicity of the process,
this is to say, the total number of charged particles measured in the interaction. As it is
already mentioned, that quantity is highly correlated with the centrality of the collision
in A−A collisions. Recent studies have revealed that in high multiplicity p−Pb collisions
the yield of strange particles increases, approaching the conditions in Pb-Pb collisions
(where the QGP is in principle formed) [7].

Having established the context, this analysis has two main goals:

• Report an experimental measurement of strangeness production on proton-lead col-
lisions by measuring the ϕ meson yields in different multiplicity classes. The mea-
surement can then be used to compare with theoretical models or results from future
experiments.

• Verify if the results can be understood as a consequence of the possible appear-
ance of some phenomena like the reach of the saturation region and the Cronin
effect, concepts that will be presented in the following section. If the measured
effects can be explained through these phenomena it would mean that, as it is ex-
pected by the theoretical models, such effects are not originated by the collective
expansion associated to the QGP fluid system, as it happens on heavy-ion collisions.
This measurement would also help to interpret heavy-ion collisions measurements,
where QGP presence is expected, helping to discern between effects coming from
the evolution of the QGP and other ones like the above mentioned.
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1.3 Kinematics of the collisions

1.3 Kinematics of the collisions

The proton-lead (p−Pb) collisions
studied in this analysis are pro-
duced by two beams of protons and
lead nuclei moving in opposite di-
rections that collide in the LHCb de-
tector. As it is further explained
in section 2, the detector covers a
small solid angle in the direction
of one of the beams. Since both
the colliding beams and the solid
angle coverage of the detector are
asymmetric, two configurations of
the collisions are possible: pPb (so
called forward) if the proton beam
moves in the detector acceptance di-
rection or Pbp (so called backward)
if the lead nucleus beam does. In
Figure 1 the two different configu-
rations of the colliding beams are
represented.

Figure 1: Representation of the two possible beam
configurations: forward (pPb) at top and backward
(Pbp) at bottom.

In high energy collisions the centre of mass energy required to produce a certain particle
has to be greater than the sum of the colliding particles masses. Thus, the particles that
can be produced are determined by the centre of mass energy of the colliding particles
(denoted by

√
s), which is a Lorentz invariant magnitude.

In two particle systems of masses m1 and m2 the total centre of mass energy can be
expressed in the Lorentz-invariant form

M ≡ Ecm = [(E1 + E2)
2 − (p1 + p2)

2]1/2, (1)

where c = 1 and M is now defined as the invariant mass. As it can be seen in section
3, the concept of invariant mass is essential in the analysis of the produced particles.

Another relation that will be useful in the analysis, is the centre of mass momentum
dependence on the invariant mass on two particles systems [8]:

q ≡ p1 = p2 =
[(M2 − (m1 +m2)

2)(M2 − (m1 −m2)
2)]1/2

2M
. (2)

The analysis is performed as function of certain kinematic variables. Because of their
properties under Lorentz transformations, two variables are commonly used in this type
of analyses: the transverse momentum and the rapidity.
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1.3 Kinematics of the collisions

The transverse momentum (pT ) corresponds to the component of linear momentum
which is transverse to the beam direction. For this reason, it is a Lorentz invariant.

The rapidity (y) is defined as

y =
1

2
ln

E + pz
E − pz

, (3)

where E is the energy of the produced particle and pz is the momentum component of the
particle parallel to the trajectory of the interacting beams. A particle with y = 0 has a
transverse trajectory to the collision axis, while in the limit y → ∞ the particle is parallel
to the beam direction, being the sign of y chosen by convention with respect to one of
the incident particles. The asymmetry in the beam energies in our proton-lead collisions
produces a Lorentz boost in rapidity of yboost ≈ 0.465 in the direction of the proton beam,
so it has to be taken into account when computing the centre of mass rapidity (y∗).

Another variable is commonly used: the pseudorapidity. It is defined as

η = − ln

[
tan

(
θ

2

)]
, (4)

where θ is the angle between the produced particle and the trajectory of the colliding
beams. It can be proved that in the ultra-relativistic limit, where the particle mass can be
neglected, y ≈ η. Since cos θ = pz/p, the variable η allows to perform a kinematic analysis
without knowing the mass of the final-state particle. In this analysis the pseudorapidity is
not used to measure the kinematic dependence, but to determine the detector acceptance
for charged particles.

The produced inelastic interactions in high energy collisions are commonly theoretically
described by the four-momentum squared (Q2) exchanged between the interacting par-
tons, which are the constituents of nucleons, and the so called Bjorken-x, which is the
momentum fraction of the nucleon in the nucleus carried by the parton which has inter-
acted. The value of x can be approximated from the kinematics of the produced particle
with the following expression [9]:

x ≈ mT√
s
e−y, (5)

where mT is the so called transverse mass, defined as mT =
√
m2 + p2T , being m and pT

the mass and the transverse momentum of the produced particle. The squared transverse
mass m2

T can be also used to approximate Q2.

1.3.1 Saturation region and Cronin effect

QCD calculations predict that at low values of x the gluon density in the proton and the
nucleus increases strongly. This behaviour was also experimentally seen [12]. The theory
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1.3 Kinematics of the collisions

10−7 10−6 10−5 10−4 10−3 10−2 10−1

x

10−1

100

101

102

103

Q
2
[G
eV

2
]

Saturation
Region

LHCb (pPb)
LHCb (Pbp)
ALICE (pPb)

ALICE (Pbp)
pT > 1.5 GeV

Figure 2: Kinematic coverage of LHCb and ALICE experiments corresponding to the ϕ meson
detection for pPb and Pbp configurations. The Q2 is approximated as the transverse mass of the
produced particle: Q2 ≈ m2

T = m2+p2T , wherem=1.02 GeV/c2 corresponds to the ϕmeson mass.
A dependence given by equation 5 is assumed. The parameterisation of the saturation region
limit shown in the figure is given by Q2

s,Pb = 0.26A1/3(x0/x)
λ, where λ = 0.288, x0 = 3 · 10−4

and A=208 [10,11].

requires the existence of an upper limit for the occupation number of gluons. When this
regime (named saturation region) is reached, the QCD dynamics can be described by the
so called Colour Glass Condensate (CGC) effective field theory [13]. The CGC theory
can be applied in proton-nucleus collisions in order to predict particle production cross
sections for kinematics dominated by the low x contribution. In general, the models based
on this approach predict a suppression of charged particle production in p− A collisions
relative to p− p collisions.

Since 1975, different measurements have revealed an enhancement of the hadron produc-
tion around 2 GeV/c < pT < 3 GeV/c in proton-nucleus collisions with respect to scaled
p − p collisions [14]. Such effect is called Cronin effect, and its theoretical explanations
are usually made in terms of multiple parton interactions in the large x regime. There
are some studies that seem to reveal that the Cronin effect is larger in high multiplicity
collisions [15]. This dependence of the Cronin effect on the multiplicity could be observed
in this analysis.

Thus, the presence of saturation region effect is expected for low x processes while the
Cronin effect arises in the large x regime. As it can be seen in Figure 2, the kinematic
coverage of the LHCb detector is different for the two possible configurations of the col-
lision. For the pPb configuration much lower values of x are covered in comparison with
the ones covered in the Pbp configuration. Therefore, the saturation region effect should
be predominant in pPb collisions while the Cronin effect should appear in the Pbp con-
figuration.
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1.4 Observables

1.4 Observables

The observables have been selected in such a way that the effect of the detector efficiency
is minimised. Two ratios are constructed in order to cancel unwanted efficiency factors:

Ratio Central Peripheral (RCP) Corresponds to the ratio between the yield of high
multiplicity processes (or central processes, by analogy with fully overlapping heavy-ion
collisions) and low multiplicity processes (or peripheral). Thus, some efficiency factors
such as the corresponding to the acceptance of the detector are cancelled. The efficiency
factors that have some dependence on the multiplicity, such as the efficiency of the track
reconstruction (see section 2.1.1), are still present. Mathematically, the magnitudes de-
fined on (6) and (7) are measured in the analysis.

RCP(pT )High/Low =
(dN/dpT )High

(dN/dpT )Low
; RCP(pT )High/Medium =

(dN/dpT )High

(dN/dpT )Medium

; (6)

RCP(y∗)High/Low =
(dN/dy∗)High

(dN/dy∗)Low
; RCP(y∗)High/Medium =

(dN/dy∗)High

(dN/dy∗)Medium

. (7)

where N is the ϕ meson yield and the sub-index High, Medium and Low refers to the
different multiplicity classes.

Double ratio (R) Defined as the ratio between the RCP corresponding to the pPb con-
figuration and the one corresponding to the Pbp configuration. If the multiplicity classes
are properly defined for both configurations, this ratio cancels the multiplicity dependence
of the detector efficiency, leading to a more unbiased observable. Mathematically:

R(pT )High/Low =
RCP(pT )pA
RCP(pT )Ap

∣∣∣∣
High
Low

; R(pT )High/Medium =
RCP(pT )pA
RCP(pT )Ap

∣∣∣∣
High

Medium

; (8)

R(y∗)High/Low =
RCP(y∗)pA
RCP(y∗)Ap

∣∣∣∣
High
Low

; R(y∗)High/Medium =
RCP(y∗)pA
RCP(y∗)Ap

∣∣∣∣
High

Medium

. (9)

In these double ratios it is not possible to individually observe the presence of the expected
effects in each configuration, but their combined effect is manifested. The results will be
interpreted in terms of the above mentioned effects and the underlying theory for different
multiplicity classes. It can be also verified whether the obtained results are consistent with
other experimental observations.
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2 Experimental approach
2.1 The LHCb detector

Figure 3: View of the LHCb detector [16]. In the figure the Vertex Locator (VELO), the
Tracking System (composed by the TT and T1-T3 stations), the Ring Imagin Cherenkov (RICH)
detectors, the calorimeters (ECAL and HCAL), the muon system (composed by stations M1-M5)
and the magnet (required for the momentum measurement of the charged particles) are shown.
The collisions take place inside the VELO in the y-axis of the figure.

The LHCb detector is a single-arm forward spectrometer originally designed for precision
measurements of CP violation and rare decays of beauty and charm hadrons. The detector
is placed in the Large Hadron Collider, a particle accelerator formed by a 27 km ring at
CERN.

The detector has an angular acceptance which goes from 10 mrad to 300 mrad on the
bending plane and from 10 mrad to 250 mrad on the non bending plane. In Figure 3
the different detector elements can be seen. The ones which are particularly relevant
to this analysis are the Vertex Locator (VELO) that allows the determination of the
position of the collision point, known as primary vertex (PV), the tracking system that
provides a measurement of the momentum (p) of charged particles and the two ring-
imaging Cherenkov detectors that are used to discriminate between different species of
charged particles (in particular, protons, pions and kaons).

The detector must cope with the large number of hadrons produced in the collisions.
This requires an efficient, robust and flexible trigger that assumes the harsh hadronic
environment. The trigger must be sensitive to many different final states. Excellent vertex
and momentum resolution are essential for a good proper-time resolution, necessary for
a good invariant mass resolution, needed to reduce the combinatorial background [17].
Now, a brief overview of the experimental setup is presented.
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2.1 The LHCb detector

2.1.1 Track reconstruction

The track reconstruction software combines the hits of the following sub-detectors to form
charged particle trajectories from the VELO to the calorimeters. The reconstruction
algorithm aims at finding all tracks in the event which leave enough detector hits.

Vertex Locator (VELO) The Vertex Locator (VELO) is a silicon microstrip detector
that surrounds the p−Pb interaction region. It is formed by 21 stations, placed along
and perpendicular to the beam axis where there is negligible magnetic field. The VELO
provides measurements of track coordinates which are used to identify the PV and the
secondary vertices. The VELO was designed to optimise the LHCb physics program in
the following ways:

• Angular coverage. It covers just 1.8% of the solid angle but, as an example, the
detector fully reconstructs roughly 27% of bb̄ production for 7 TeV proton-proton
centre of mass collisions. The VELO reconstructs tracks in the forward direction and
also backward direction which does not have momentum information, but are useful
to improve the primary vertex reconstruction. Thus, the VELO is the sub-detector
with the largest angular coverage. For this reason, the VELO measurements are
used in section 3 to characterise the multiplicity of each collision.

• Triggering. The reconstruction of the primary vertex and the displaced secondary
decay vertex of a heavy flavour hadron in the VELO is a key ingredient of the high
level trigger which reduces the event rate.

• Efficient reconstruction. High efficient cluster reconstruction in the VELO allows
LHCb to study decay modes with up to six charged tracks in the final state.

• Displaced tracks and vertices. Excellent vertex resolution is essential to the
LHCb physics programme.

• Decay time. The decay time of a particle can be obtained from the measurement
of its flight distance in the VELO.

The VELO system is operated in vacuum and uses a bi-phase CO2 cooling system. In
order to maximise the PV location precision, the sensors are moved to 7 mm from the
LHC beam for physics data taking. This distance is smaller than the aperture required
by the LHC beam during injection, so the detector is produced in two retractable halves.

Tracking system In addition to track reconstruction, the tracking system performs
a precise measurement of the momentum. It consists of four planar tracking stations:
the Tracker Turicensis (TT), which is placed upstream of the dipole magnet covering the
full acceptance, and the T1-T3 stations placed downstream the magnet. As well as the
VELO, the TT and the inner part of the T1-T3 stations (Inner Tracker, IT) are based on
silicon microstrips. The TT and the IT were developed in a common project called the
Silicon Tracker (ST).
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2.1 The LHCb detector

Figure 4: Ilustration of the responses of different particles in the LHCb detector [18].

In the outer region of T1-T3 stations (Outer Tracker) straw-tubes are employed. Basically,
these straw-tubes are gas filled tubes with a wire along their axis. A high voltage is applied
between the wire and the tube so that an electric field is present in the gas filled area.
When a charge particle transverses the straw tube, ionisation takes place. The Outer
Tracker has a worse spatial resolution than the Silicon Tracker, but it was much cheaper
and is suitable for this region because the particle flux is smaller.

2.1.2 Particle identification (PID)

Combining the information of the Ring Imaging Cherenkov detectors, the hadronic and
electromagnetic calorimeters, and the muon chambers, the particle identification (PID) al-
gorithm (based on machine learning) classifies the reconstructed tracks as concrete charged
particles. More information about the identification process is presented in section 3.

Ring Imaging Cherenkov (RICH) detectors Formed by two stations: RICH1, an
upstream detector that covers the low momentum charged particle range, and RICH2,
a downstream detector limited to the high momentum region. The Cherenkov radiation
produced by the passage of a particle is measured by using a system of mirrors. The
RICH detector allows the calculation of the particles velocity thanks to the dependence
of it on the angle of the cone of light.

Calorimeters The calorimeters stop the impacting particles measuring their energy
loss. The calorimeter system is composed by several layers: the Scintillating Pad Detec-
tor (SPD), the Preshower (PS), an electromagnetic calorimeter (ECAL) and a hadronic
calorimeter (HCAL). It provides the identification of electrons, photons and hadrons and
measures their energies and positions.

Muon system It is composed of five stations (M1-M5) of rectangular shape that provide
muon identification.
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2.2 The ϕ(1020) meson

2.1.3 Trigger

The LHCb trigger reduces the large amount of data generated in the collisions by pre-
selecting events with interesting physics signatures for study. It is organised in two stages
named Level-0 (L0) and High Level Trigger (HLT). The L0 uses information of the VELO,
the calorimeters and the muon system to reduce the event rate from the nominal LHC
bunch crossing rate of 40 MHz to a maximum of 1.1 MHz. The HLT is a software layer that
performs an exhaustive selection based on the full event reconstruction, further reducing
the rate of stored events.

2.2 The ϕ(1020) meson

Since the ϕ(1020) meson is the lightest bound state of strange quarks (ss̄) it is copiously
produced in hadronic collisions, so it is a good choice for this analysis. It has a rest mass
of M = 1919.461±0016 MeV/c2 and a width of Γ=4.249±0.013 MeV/c2 [8]. It decays into
a pair of kaons K+K− with a branching ratio of (49.2±0.5) %, being the most probable
decay mode.

As it can be seen in section 3, the detection procedure of the ϕ meson relies on the iden-
tification of the produced kaons in the above mentioned decay. Each kaon is identified by
the PID system and classified as K+ (with positive charge) or K− (with negative charge)
depending on the trajectory of the reconstructed track and the magnet polarisation.

Detection efficiency There are some limitations to the particle detection. The limited
accuracy of the track reconstruction or the fraction of particles that escape from the
detector acceptance are just some of the various factors that reduce the detector efficiency.
There is also a small fraction of the selected candidates for the analysis that may be
wrongly selected (in particular, a miss-identification of a kaon) (see section 3.2). In
addition, some efficiency factors like the corresponding to the track reconstruction have
an evident dependence on the multiplicity of the event.

These biases are not corrected in the analysis, and this must be taken into account when
interpreting the results. In order to obtain non biased results the efficiency effects are
minimised by performing ratios between quantities affected by the same efficiency factors,
such as the RCP and the double ratio R which were already explained in section 1.4.
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3 Analysis

In this section the definition of the different multiplicity classes and the signal extraction is
performed. The invariant mass method is used: since the decay channel ϕ → K+K− is the
most probable, the detection method consists of the measurement of the resonance created
by the correlated kaons on the invariant mass spectrum. Such resonance, is described by
a Breit-Wigner function centred on the ϕ meson mass protruding above the background
generated by uncorrelated kaons.

3.1 Proton-lead data

The data set of the proton-lead collisions used in this analysis was taken in February
2013. The proton beam energy was Ep=4 TeV, while the energy per nucleon of the lead
beam was EPb=1.58 TeV/nucleon, leading to a nucleon-nucleon centre of mass energy
of

√
sNN = 5.02 TeV. The average instantaneous luminosity during the data taking was

L = 3 · 1027 cm−2s−1 and the total integrated luminosity was L ≈ 1.5 nb−1.

There are four available data samples: for each configuration (pPb or pA, forward and Pbp
or Ap, backward), measurements for two different polarities of the magnet were taken.
As it would be expected from the symmetry of the system, the polarity of the magnet
does not impact the result of the analysis. After verifying this assumption, the analysis
is performed using the contribution of both of the magnet polarities together.

The information is stored on n-tuples in such a way that the different variables are acces-
sible for each event. These tuples are analysed using the ROOT [19] TTree class.

3.1.1 Simulated samples

For each data set, a simulated sample generated by EPOS [20] is available. The simulated
samples consist on two sub-samples: one contains the real information of a simulated
collision, while the other contains the reconstruction and particle identification obtained
with the LHCb software. In these simulation samples the number of proton-lead interac-
tions is fixed to one. These samples are commonly used to quantify biases induced by the
detector. As it can be seen in the following sections, simulated samples play an essential
role in this analysis when defining different multiplicity classes.

3.2 Selection cuts

In order to successfully perform the analysis, a suppression of the background coming
from random combinations of tracks is needed. The PID algorithm provides a classifier
named ProbNN, which is based on six binary one-layer artificial neural networks. Each of
these networks corresponds to one particle type and is trained to separate this particle
type from all others [18]. This classifier is used to select the particles with a significant
probability of being kaons. In this way, most of the particle pairs will be two kaons and
those that come from the same ϕ meson desintegration will contribute to the Breit-Wignet
signal. The chosen requirements are Kpl_ProbNN>0.3 (for the K+) and Kmi_ProbNN>0.3
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3.3 Determination of multiplicity classes

Figure 5: The number of detected candidates is shown as function of the number of VELO
tracks measured in the event for pPb (left) and Pbp (right) configurations. The spectra are
divided in three parts with the same number of cantidates.

(for the K−). In addition, the condition of the existence of a single primary vertex (PV)
is imposed through the variable nPVs=1.

The kinematic binning is also performed imposing the corresponding cuts: the ϕ transverse
momentum (phi_PT variable) is limited between 1 and 7 GeV/c, while the rapidity is
constraint to the 2.5<y∗<4.3 range. In the case of the rapidity, it has to be calculated as
function of other given variables through (3) and the corresponding Lorentz boost has to
be taken into account.

In the case of the simulation samples, the evaluated acceptance of the detector is con-
strained using the pseudorapidity (η) in the laboratory frame. In order to remove the
signals coming from elastic interaction, η is limited between 2<|η|<5.

3.3 Determination of multiplicity classes

The variable nVeloTracks, which corresponds to the number of tracks reconstructed on
the VELO in each event, is used as an indicator of the number of charged particles. In
order to decide how to define different multiplicity classes, the nVeloTracks (NV ELO)
spectra are studied. A first classification based on the division of the NV ELO spectrum
in three quantiles is made (named terciles). The results of such division can be seen in
Figure 5. The peak that can be seen in the region of NV ELO ≈ 200 (particularly prominent
in Pbp configuration) is believed to come from secondary desintegrations in the VELO
region. In any case, such phenomenon in the NV ELO spectrum does not influence this
analysis.

As it can be seen, the collisions in the backward configuration lead on average to higher
NV ELO values. A relation between the number of charged particles and NV ELO is needed
in order to define common multiplicity classes.
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3.3 Determination of multiplicity classes

Figure 6: NCh vs NV ELO plots generated using the simulated samples for Pbp (left) and pPb
(right) configurations. Since it seems to be reasonable to assume a linear dependence, a fit to
the NCh = m·NV ELO function is made. The corresponding result for each configuration is also
shown in the plot.

Number of charged particles
Pbp configuration pPb configuration

First NVELO tercile 0 - 152.58(72) 0 - 120.99(58)
Second NVELO tercile 152.58(72) - 259.6(12) 120.99(58) - 184.11(88)
Third NVELO tercile 259.6(12) - ∞ 184.11(88) - ∞

Table 1: Boundaries of the terciles defined in Figure 5 expressed in number of charged
particles.

VELO tracks - charged particles relation

The relation between the VELO tracks and the number of charged particles (NCh) is cal-
culated using the simulated samples, where the variable corresponding to NCh is available.

For both forward and backward configurations a NCh vs NV ELO plot is shown in Figure 6.
Assuming a linear relation, a fit to the data is made. Since the independent coefficient is
fixed to 0, the slope m of the fits gives, for each configuration, the relation between both
variables.

Using those coefficients, the corresponding number of charged particles for the first VELO
tracks spectra division made in Figure 5 is calculated. The results are shown in Table 1.

Now, this NV ELO−NCh relation is used to define common multiplicity classes so that
the number of charged particles range is the same for each multiplicity class in both
configurations. An arbitrary number of charged particles can be selected as limit between
each multiplicity class. The m factor relates this number with the corresponding NV ELO

value, so that the selection cuts can be imposed through the nVeloTracks variable.
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3.4 Signal yield extraction

NCh NVELO(Pbp) NVELO(pPb)
Low - Medium

multiplicity boundary 137 120 104

Medium - High
multiplicity boundary 222 195 169

Table 2: Definition of the number of charged particles that form each multiplicity class
boundary. The corresponding NV ELO value for each boundary and configuration is shown.

For each boundary selection, a mean value between the corresponding terciles shown in
Table 1 for each configuration is taken. In Table 2 the defined limits as well as the
corresponding NV ELO value for each configuration are shown.

3.4 Signal yield extraction

Once the multiplicity classes are defined, the signal yield extraction is made for each one
of them. The selection cuts explained in section 3.2 and the appropriate nVeloTracks
restriction for each multiplicity class are imposed.

The results of the analysis are reported in terms of the transverse momentum pT and of
centre of mass rapidity y∗ of the ϕ(1020) meson. First, a pT binning is chosen for y∗ ∈
[2.5, 4]. The employed bin limits are: pT = [1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0]
GeV/c. Then, the pT is integrated in [1.0, 7.0] GeV/c and a y∗ binning is proposed. The
y∗ bin limits employed are y∗ = [2.5, 3.0, 3.5, 4.0, 4.3].

It is important to take into account that the rapidity values stored in the n-tuples are
given in the laboratory frame. Since the p and the Pb beams have different energies,
the centre of mass of the system moves in the direction of the incident particle, so a
different Lorentz boost must be taken into account to convert y into its centre of mass
value y∗ depending on the configuration. The Lorentz boost is y∗ = y − 0, 465 for the
pPb configuration and y∗ = y+0, 465 for Pbp one. As it has already been mentioned, the
rapidity restriction is chosen in order to suppress the elastic interactions, and also in such
a way the forward and backward y ranges overlap after considering the Lorentz boost.

3.4.1 Data set fit

The ϕ(1020) signal is modeled using a Voigtian function, which is a convolution of the
Breit-Wigner corresponding to the resonance and a Gaussian function. The Gaussian
contribution is needed because the limited resolution of the detector makes the signal
of the invariant mass spectrum wider than the ϕ meson width. The Gaussian width σ,
which is left as a free parameter of the fit, accounts for such effect, while the width of the
Breit-Wigner is fixed to the tabulated ϕ meson width γ = 4.249 MeV [8].

The background is parameterised using the function (10).

f(M) = q ·ma1
b · e−a2·mb , (10)
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3.4 Signal yield extraction
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Figure 7: Relative momentum resolution versus momentum for long tracks in data obtained
using J/ψ decays [16].

where q is the momentum defined on (2), which accounts for the K+K− phase space.
Then, mb is defined as mb = M(K+K−) − 2mK being mK the tabulated kaon mass
and a1 and a2 are free parameters in the fit. This function was selected to model the
background after considering a polynomial function, which did not reproduce well the
background. The signal and background distributions are normalised by nϕ and nBkg

respectively, which are free parameters. The nϕ variable corresponds to the yield of ϕ
mesons.

The fits are performed using the RooFit tool [21], which allows to fit various histograms
simultaneously. Since the signal shape must be the same for each multiplicity class, the
fit of the signal for different classes can be performed simultaneously. The reason why the
signals corresponding to different pT bins are not fitted simultaneously is that the detector
resolution has a dependence on pT (see Figure 7), so the σ width has to be calculated
separately for each pT bin.

Due to the large number of fitted spectra, only two examples are shown on Figures 8 and
9. From each of them, the variable nϕ (from now on, named N) is extracted. The results
are shown in Figures 10 and 11.
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3.4 Signal yield extraction

Figure 8: Fits of the invariant mass spectrum to a Voigtian plus a background function
(equation 10) for the different multiplicity classes in the 1 GeV/c <pT < 1.5 GeV/c and the 2.5
< y∗ < 4 ranges. The left plots correspond to the Pbp configuration and the right ones to the Pbp
configuration. The centre of the Voigtian function as well as the width of the Gaussian function,
σ, are obtained simultaneously for the three multiplicity classes using the RooFit module.
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3.4 Signal yield extraction

Figure 9: Fits of the invariant mass spectrum to a Voigtian plus a background function
(equation 10) for the different multiplicity classes in the 1 GeV/c <pT < 7 GeV/c and the 2.5 <
y∗ < 3 ranges. The left plots correspond to the Pbp configuration and the right ones to the Pbp
configuration. The centre of the Voigtian function as well as the width of the Gaussian function
σ are obtained simultaneously for the three multiplicity classes using the RooFit module.
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Figure 10: ϕ meson yields for different transverse momentum ranges and multiplicity classes
for forward (left) and backward (right) configurations.
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Figure 11: ϕ meson yields for different rapidity ranges and multiplicity classes for forward
(left) and backward (right) configurations.

The ϕ meson yield for the different multiplicity classes for the pPb (pA) and Pbp (Ap)
configurations can be seen for pT and y∗ bins in Figures 10 and 11, respectively. As
already discussed, the efficiencies of the detector are not corrected in the figures. Non-
trivial different efficiency factors may affect each yield value, so no further discussion is
performed around these plots.
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4 Results

The already introduced RCPs are calculated by performing the corresponding ratios of
the yields shown in Figures 10 and 11. The uncertainties of such ratios are calculated
propagating the corresponding yield uncertainties provided by the RooFit module. In a
general form, RCP=nc

np
and

u(RCP) =

√(
d RCP
dnc

)2

u2(nc) +
(

d RCP
dnp

)2

u2(np) =

√
u2(nc)
n2
p

+
(

nc

np

)2

u2(np), (11)

where the n variables are the extracted yields and the associated c and p sub-index refer
to the central (high multiplicity) or peripheral (medium or low multiplicity) events.

The RCPs defined in equations (6) and (7) are respectively shown in Figures 11 and 12.
The value of each RCP is calculated without normalising by the number of binary colli-
sions. These factors may be taken into account in order to further isolate the multiplicity
effects, but this is left for a future study. However, such factors are constant for each
multiplicity class [15], so the slope of each RCP is not modified and some appreciations
about them can be made.

In Figure 12 it can be seen that the slopes of the RCPs corresponding to the backward
configuration are larger than the ones corresponding to the forward configuration. This
tendency agrees with the expected presence of a Cronin effect in the backward configura-
tion.

This observation is also consistent with other measurements made in different experi-
ments. In [22] and [23] the so called nuclear modification factor is measured. The nuclear
modification factor (RpPb) is defined as the particle yield in p − A collisions normalised
by the corresponding yield in p − p collisions and the number of binary nucleon-nucleon
collisions. In such measurements an enhancement of RpPb in the backward configuration
with respect to forward configuration is observed.

Concerning the multiplicity dependence, in the right plot of the Figure 12 (backward
configuration) it can be seen that in the 3 GeV/c<pT<4 GeV/c region the High/Low
multiplicity ratio increases faster than the Medium/Low multiplicity ratio. The Cronin
effect is expected in this pT range and increases with the multiplicity [15], so it may
contribute to this High/Low multiplicity ratio enhancement.

In the Figure 13 it can be seen a decrease of the RCPs when the rapidity increases. This
decrease is larger in the forward configuration. It could be caused by the saturation effect.

Now a quotient between the RCPs corresponding to the different configurations is per-
formed, leading to the R double ratios defined in equations (8) and (9). The correspond-
ing uncertainties are calculated by propagating the corresponding RCPs uncertainties. In
general:
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Figure 12: Ratio Central - Peripheral for different transverse momentum ranges and multiplicity
classes for forward (left) and backward (right) configurations.
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Figure 13: Ratio Central - Peripheral for different rapidity ranges and multiplicity classes for
forward (left) and backward (right) configurations.

u(R) =

√
u2(RCPpA)

RCP2
Ap

+
(

RCPpA

RCP2
Ap

)2

u2(RCPAp). (12)

The obtained double ratios (R) are shown in Figure 14. Due to the previously explained
considerations about efficiency cancellations, it can be assumed that, in first approxima-
tion, there is no constant factors biasing the measurement. The number of binary collisions
does not depend on the configuration, so this factor that is not taken into account on the
RCP plots should vanish by performing the forward/backward ratio.

In the left plot of Figure 14 it can be seen that the High/Low multiplicity R decreases
faster than the Medium/Low multiplicity R, taking smaller values in all the pT range.
This observation may be explained by the multiplicity dependence of the Cronin effect: the
Cronin effect produces a larger enhancement of the yields in the backward configuration
for high multiplicity events, but it does not take place in the forward configuration. Thus,
due to its definition, R takes lower values for High/Low multiplicity ratios in comparison
with Medium/Low multiplicity ratios.
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Figure 14: Double ratios for different transverse momentum ranges (left) and rapidity ranges
(right).

In the right plot of the Figure 14 it can be observed that the value of R decreases as the
absolute value of y∗ increases. This could indicate that some collective initial effects like
the already introduced saturation effect may be appearing. Such effects may decrease the
forward configuration yields on the high rapidity region (low x region) leading to lower
values of R. The High/Low multiplicity R seems to decrease faster. In view of these
results, it might be interesting for future experiments to study in more detail the influence
of multiplicity on these type of effects.

5 Conclusions

This work contains a preliminary measurement of the multiplicity dependence of the ϕ
meson production at

√
s =5.02 TeV in p−Pb collisions. This is the first time that this

analysis is performed in the chosen kinematic range. An observation of some multiplicity
effects and a proposal of the effects that may be involved in the processes is provided.

This analysis of the multiplicity dependence is interesting because it allows to study the
strangeness enhancement that has been recently measured for high multiplicity events.
The origin of such enhancement, as well as other observations, like the already mentioned
flow correlations in the particle production for p− p collisions, are not fully understood,
so further analyses following this trend should take place in the future.

It has been shown that the observed multiplicity dependence on the chosen observables
(RCP and R) is consistent with other experiments and could be explained as a conse-
quence of some known effects like the Cronin effect or the saturation effect. Further studies
and some improvements on this one can be made in the future. A detailed calculation of
the efficiency factors using the simulated samples would correct the yield plots of Figures
10 and 11 and it could help to extract further information from them. Moreover, other
interesting observables like the cross section of ϕ meson production could be calculated
by knowing such efficiency factors.
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