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Abstract

This thesis presents new measurements of the production of prompt charmed
baryon, Λ+

c in pp and p-Pb collisions at the energy of
√
sNN = 5.02 TeV made with

the ALICE detector at the Large Hadron Collider (LHC). These measurements
provide important information on how charm quarks hadronise in collisions in-
volving protons and nuclei, and provide a vital reference for future measurements
in Pb–Pb collisions.

The pT-differential cross section for the Λ+
c → pK−π+ decay channel has been

measured in the transverse momentum ranges 1 < pT < 12 GeV/c in pp collisions
and 2 < pT < 24 GeV/c in p–Pb collisions at

√
sNN = 5.02 TeV. The Λ+

c candidates
were reconstructed from tracking information from the Inner Tracking System
and Time Projection Chamber, and from the particle identification information
obtained by the Time-Of-Flight detector. The signal extraction was performed
by fitting the invariant mass distributions in each pT interval after the number of
background candidates had been reduced by the application of topological cuts
and a Bayesian particle identification algorithm. Subsequently, the appropriate
corrections for the reconstruction and selection efficiencies and the contribution
from feed-down were applied to the measured Λ+

c yield.
The measured cross sections in both pp and p-Pb collisions are shown to

be underestimated by theoretical model predictions calculated with perturba-
tive Quantum Chromodynamics. The measured baryon-to-meson ratio Λ+

c /D
0 is

found to be larger than that of previous measurements in e+e− experiments and
any theoretical model predictions tuned on e+e− data. A better agreement with
the new measurements is obtained with models that include an additional en-
hancement mechanism for charmed baryons, although greater precision is needed
to discriminate between the models.

Finally the nuclear modification factor RpPb, the ratio of the measured Λ+
c

yield in p–Pb to the corresponding Λ+
c yield in pp collisions scaled by the num-

ber of binary nucleon-nucleon collisions, was extracted. The uncertainty on the

v



measurement was reduced by the increased statistics and measurement of both
collision systems at the same energy. The measured values were compared against
those obtained from D-meson measurements and theory predictions, although
greater precision is needed to determine the contribution of cold nuclear matter
effects or hot-medium effects.

Future measurements of the Λ+
c baryon and other charmed baryons planned

during the upcoming Run 3 data taking period of the LHC will hopefully provide
further insight with the enhanced precision of the newly upgraded ALICE detector
and shed light on the nature of hadronisation.
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Chapter 1

Introduction

This thesis presents new measurements made with the ALICE detector at the
Large Hadron Collider (LHC) in pp and p–Pb collisions. Production of the
prompt charmed baryon Λ+

c (udc) was measured in the Λ+
c → pK−π+ channel at

the energy of
√
sNN = 5.02 TeV in both collision systems. Heavy flavour particles

(particles that contain a bottom (b) or charm (c) quark), such as the Λ+
c , act

as a valuable probe of the Quark-Gluon Plasma (QGP) generated in relativistic
heavy-ion collisions. This is because heavy quarks are created, in the earliest mo-
ments of the collision, in perturbatively calculable hard quantum chromodynamic
processes, and participate in the entire evolution of the QGP medium.

This chapter includes a brief history of Quantum Chromodynamics (QCD)
and the characteristics that drive the study of the QGP in heavy-ion collisions at
the LHC and other particle accelerators. Additionally, theoretical background is
given for the measurement of heavy-flavour hadron production.

1.1 Quantum Chromodynamics

In the 1960s, there were a large number of newly discovered hadrons (particles that
experience the strong nuclear force), but there was no overall theory explaining
how these particles and their properties were linked. A successful scheme to
classify these particles would be produced by Gell-Mann and Ne’eman using a
SU(3) symmetry [1, 2]. This would later be developed into the quark model,
only including the up (u), down (d), and strange (s) quarks [3, 4]. Evidence for
the physical existence of quarks, beyond being a mathematical tool, came from
electron-proton experiments at SLAC [5]. The full set of quarks (listed in Table

1
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1.1) that we know today would not be completely observed until the discovery of
the top quark in 1995 [6].

Name Mass Charge (e) Discovered (year)
Up 2.16+0.49

−0.26 MeV 2/3 1969
Down 4.67+0.48

−0.17 MeV -1/3 1969
Strange 93+11

−5 MeV -1/3 1969
Charm 1.27± 0.02 GeV 2/3 1974
Bottom 4.18+0.03

−0.02 GeV -1/3 1977
Top 172.76± 0.30 GeV 2/3 1995

Table 1.1: List of quark mass, charge and discovery date. Mass values taken
from [7]

Quantum Chromodynamics (QCD) and Quantum Electrodynamics (QED)
are gauge field theories that each describe the behaviour and interactions of par-
ticles that carry their respective quantum properties, colour and electric charge.
Notably, the massless force carrier of QED, the photon, is electrically neutral.
However, the massless force carrier of QCD, the gluon, carries both a colour and
anti-colour charge. This gives eight possible colour anti-colour combinations for
gluons and the ability to participate in strong interactions as well as mediate
them. The coupling strength of QCD and QED can be explored through the
vacuum polarisation effect. In QED, the placement of a charge into a "vacuum"
(a space filled with only virtual particles) leads to the polarisation of virtual
electron-positron pairs leading to a reduced or screened charge observed at a dis-
tance away from the bare charge. This causes the observed charge to depend
on distance (or energy). In QCD, when a bare colour charge is placed into the
vacuum, a similar screening effect occurs via virtual quark-antiquark pairs. How-
ever, due to the gluon also possessing a colour charge and being capable of self
interacting, an overall net anti-screening effect occurs. This means that at large
distances (or low energies) the observed charge diverges, while at small distances
(or high energies) the observed charge decreases. The relative strength of the
interaction, denoted as αs, can be seen in Figure 1.1.

1.2 The Quark-Gluon Plasma

This observed trend of the strong coupling constant seen in Figure 1.1 becoming
smaller at higher energy scales, as well as the observation of increasing numbers of
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Figure 1.1: Summary of measurements of the strong coupling constant αs, as
a function of energy scale Q, from [7]. The order to which perturbative QCD

is applied is given in the brackets.

resonances at higher temperatures [8] led to the idea of a transition from hadronic
matter to a deconfined medium called the Quark-Gluon Plasma (QGP).

1.2.1 Exploring the phase diagram of hadronic matter

At the LHC and other relativistic heavy-ion colliders, this state of matter can
be investigated in the high temperature and low net baryon density region of
hadronic matter (see Figure 1.2). Net baryon density represents the excess of
quarks over antiquarks. At lower collision energies which relate to lower tem-
peratures, the initial baryon number gives a greater contribution, thus increasing
net baryon density. This allows experiments performed at different particle ac-
celerators with different collision energies to scan different regions of the phase
diagram.

Alternatively, on the phase diagram there is a region defined by high net
baryon density and low temperature. The centre of neutron stars provide the
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Figure 1.2: Phase diagram of QCD matter in the temperature vs net baryon
density plane.

best candidate for this environment. Future measurements by collaborations such
as LIGO and VIRGO [9] alongside X-ray measurements may be able to provide
insights into the transport mechanisms of cold dense quark matter, if it exists in
neutron stars.

1.2.2 Probes of the QGP

The QGP can be studied in ultra-relativistic collisions at particle accelerators
such as the LHC, where a droplet of QGP is generated for a brief moment [10].
The particles produced in the collision can interact with the QGP medium and
provide information about its properties. In ultra-relativistic collisions of heavy
ions, the collision undergoes the following evolution (shown in Figure 1.3):

1. Initial collisions between the two Lorentz-contracted nuclei

2. Generation and thermalisation of the QGP medium

3. Expansion and cooling of the QGP medium

4. Hadronisation

5. Chemical freezeout (hadron yields freeze)

6. Kinetic freezeout (momenta spectra freezes)
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Figure 1.3: Space-time diagram of a heavy-ion collision between two nuclei,
from [11].

Heavy-ion collisions provide a wide variety of probes that are generated at
different stages of the collision and that subsequently interact with the QGP
medium, providing the means to measure its properties.

Some of the measurements presented include some terms or observables that
shall be explained here. The momenta of an observed particle is split into com-
ponents either in the direction of the beam line, pz (defined as the z-axis) or
perpendicular to it, pT (in the x-y plane). The rapidity of a particle, y, can be
expressed by

y =
1

2
ln

(
E + pz
E − pz

)
, (1.1)

where E denotes the energy of the particle.
This quantity changes additively under Lorentz boosts along the beam line.

When shifting from one frame of reference to another along the direction of the
beam line the rapidity distribution remains the same and is simply shifted. An-
other commonly used quantity for describing the spatial properties of particles
produced in collisions and regions covered by a detector is pseudorapidity. This
is denoted by

η = − ln

(
tan

(
θ

2

))
, (1.2)
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where θ is the angle between the direction of the momentum vector and the beam
axis. In the limit of high-energy particles, rapidity, y and pseudorapidity, η are
equivalent.

Some of the measurements presented here occur at different centralities. Cen-
trality is linked to the geometry of the collision and is typically given as a percent-
age of the impact parameter, the offset between the centres of the two colliding
nuclei in the transverse direction, with respect to the combined radii of the two
colliding nuclei. A centrality of 0% corresponds to a perfectly head-on collision
and 100% to a perfectly peripheral collision where the nuclei just graze each other.

To highlight the effects caused by the QGP medium, the observable called
nuclear modification factor, RAA, is useful as it compares the yield from Pb–Pb
collisions (dNAA/dpT ) to the cross section observed in pp collisions (dσpp/dpT ),
where 1

<TAA>
scales the result based on the mean nuclear thickness,

RAA(pT) =
1

< TAA >

dNAA/dpT

dσpp/dpT

. (1.3)

Likewise the hydrodynamic behaviour of the medium can be determined by the
measurement of an observable called elliptic flow. Elliptic flow, most prominent in
non-central collisions, originates from the elliptically shaped region formed by the
overlap of the two colliding nuclei. Pressure gradients cause the spatial asymmetry
to translate into a momentum anisotropy as the medium expands. The anisotropy
is measured by the azimuthal momentum-dependent distribution of identified
particles in the reaction plane. The varying patterns of anisotropic flow can
be quantified by the coefficients from the Fourier transform of the azimuthal
distribution,

dN

d(φ− φR)
=
N0

2π
(1 + 2

∑
n≥1

vn cosn(φ− φR)), (1.4)

where φR is the orientation with respect to the reaction plane of the collision and
N0 is the azimuthally intergrated yield. In the case of elliptic flow, this is given
by the second coefficient, v2.

To probe the initial state of the collision, high transverse momentum (pT) pho-
tons, and massive Z bosons act as good probes due to the fact they are produced
during the earliest part of the collision, are well described by perturbative QCD
calculations in pp collisions, and interact only weakly with the QGP medium.
These measurements act as a clean baseline for other measurements where the
probes are expected to interact strongly with the the medium. In Figure 1.4,
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measurements of the nuclear modification factor of high pT photons are consis-
tent with unity and are best described by calculations that include nuclear parton
distribution functions (nPDFs) [12]. Similarly, measurements of the nuclear mod-
ification factor for Z bosons as a function of rapidity show better agreement with
PDFs that include nuclear modification than those based solely on free nucleon
PDFs [13].
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Figure 1.4: The RAA measured for high-pT photons vs energy of the photon
compared to JETPHOX calculations using three different PDFs (left) [12] and
Z0 bosons vs rapidity, y (right) [13] in Pb-Pb collisions at

√
sNN =5.02 TeV.

The species of quarkonia present were once thought to act as a simple ther-
mometer for the produced QGP due to a supposed screening of the the heavy
quark potential in a colour deconfined medium. With increasing temperature
more tightly bound states would sequentially melt and give an indication of the
temperature. However at collision energies in the LHC, the RAA that can be
seen in Figure 1.5 does not show the same level of suppression to that of col-
lisions at lower energies at the PHENIX experiment and suggests a competing
regeneration mechanism at LHC energies. This matches well with predictions by
transport models and the statistical hadron models that include this regeneration
mechanism at low pT [14].

Jets and heavy flavour hadrons are produced in the initial hard partonic scat-
terings at the start of the collision. These probes that do interact strongly with
the hot medium can provide insights into the energy loss and transport mech-
anisms present in the medium. For jets, the energy loss to the QGP medium
is referred to as jet quenching, where coloured objects (quarks or gluons, which
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√
sNN =0.2 TeV (left) and to

theoretical models, which all include a J/Ψ regeneration component (right).
From [14].

can be generally referred to as partons) interact with the hot medium and lose
energy, resulting in a suppression of high pT hadrons. In Figure 1.6, RAA less
than unity of charged particles indicates this suppression and provides evidence
of jet quenching. The plot on the right compares the RAA and RpPb values to
help elucidate whether the observed suppression effect is caused by an effect of
the hot medium.
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Figure 1.6: Charged-particle RAA measured in the 0-5% centrality class from
CMS in Pb–Pb collisions at

√
sNN = 5.02 TeV with measurements from CMS,

ALICE, and ATLAS in Pb–Pb collisions at
√
sNN = 2.76 TeV (left). A com-

parison of charged-particle RAA and RpPb in collisions at
√
sNN = 5.02 TeV

(right), from [15]

Energy loss for heavy flavour probes focuses on the effects of differing parton
mass and colour charge on in-medium energy loss. This can be via collisional or
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radiative processes, causing a diffusion process where heavy quarks partially ther-
malise with the medium. This diffusion can be parameterised by the heavy quark
spatial diffusion coefficent Ds which is closely linked to fundamental properties of
the QGP such as the coupling strength of the medium. A energy-loss hierarchy is
expected where gluons are expected to lose the most energy and the charm and
beauty quarks lose less energy by virtue of their large masses (Eg > Ec > Eb).
In Figure 1.7, several similarities are shown between the measured D meson RAA
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ALI−PUB−498243

Figure 1.7: Average RAA of D mesons in the 0-10% centrality class compared
to the RAA of charged pions, charged particles, inclusive J/Ψ, measured by
ALICE, and to prompt and non-prompt J/Ψ measured by CMS in Pb–Pb

collisions at
√
sNN = 5.02 TeV, from [16].

and those of the inclusive and prompt J/Ψ. The RAA for D mesons is lower than
the RAA for non-prompt J/Ψ from beauty decays. At low pT the D meson RAA

is higher than the pion RAA before converging at about 10 GeV/c.
Despite these observations, it is important to note the RAA shown for the

different particle species cannot necessarily be simply intepreted as the energy
loss to the medium due to a variety of other factors (such as flow or hadronisation)
that contribute to the measured RAA. In order to get a greater understanding
of the energy loss and transport mechanisms at play, a comparison to theoretical
models in both RAA and v2 measurements are needed. These are shown in Figure
1.8.
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Figure 1.8: Average RAA (left) and v2 of D mesons in the 0-10% centrality
class compared to multiple transport models in Pb–Pb collisions at

√
sNN =

5.02 TeV, from [16].

Making simultaneous descriptions for both RAA and v2 is difficult for mod-
els and allows the data to give constraints on the ingredients and parameters
used. The models compared differ in terms of the charm interaction with the
medium, evolution of the medium, initial nuclear PDFs, and hadronisation mech-
anism. The models that give the best description of both the RAA and v2 mea-
surements appear to use a similar range of values for the heavy-quark spatial
diffusion coefficient,Ds.

One important way to understand the thermalisation and hadronisation of
heavy quarks in the medium is the measurement of the relative production rates
of baryons and mesons, i.e. baryon-to-meson ratios. The process of hadronisation
may modify the momentum of the final state hadron with respect to the initial
charm quark which hadronises, and this modification is very different depending
on how the quark hadronises, and differs for baryons (which contain three quarks)
and mesons (which contain two quarks). The production of baryons relative to
mesons as a function of the hadron momentum is therefore a sensitive probe
of how hadrons form from quarks, and as such can distinguish between differ-
ent hadronisation scenarios. This makes the measurements of charmed baryons,
such as the Λ+

c , very important for understanding the underlying hadronisation
mechanisms present in heavy-ion collisions.

In heavy-ion collisions, the major hadronisation mechanisms in Pb–Pb are:
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• Fragmentation: This is the assumed mechanism of hadronisation for par-
tons in the vacuum. In this process, quarks or diquarks are generated from
the vacuum and combine with the heavy quark to form a hadron, and some
fraction of the parton’s momentum is transferred to the produced hadron.
This is predicted to be the dominant process at high-pT.

• Coalescence/recombination: The QGP is a dense system of deconfined
quarks and gluons, and hadronisation occurs when the QGP has cooled
sufficiently. It is predicted [17, 18] that in this case, quarks that are close to
each other in position and momentum space can ’coalesce’ to form hadrons.
The hadron momentum is then the sum of the individual quark momenta.
This is expected to be the dominant process at low pT, and an enhancement
of the baryon-to-meson ratio is expected where coalescence is dominant.

An enhancement of both the proton/pion and Λ/K0
S ratios with respect to pp

collisions at RHIC [22] and the LHC [23, 24] were interpreted to be due to hadro-
nisation via coalescence as well as radial flow. Recently the Λ+

c baryon has become
experimentally accessible for the first time and allowed for the measurement of
the Λ+

c /D
0 ratio. Measurements of the Λ+

c /D
0 ratio in Pb–Pb collisions at

√
sNN

= 5.02 TeV with the CMS [19], [20], and ALICE [21] detectors are presented
in Figure 1.9. At midrapidity in the ALICE measurements (Figure 1.9 bottom),
the Λ+

c /D
0 ratio is enhanced with respect to measurements in pp and p–Pb col-

lisions. When attempting to replicate the data, the Catania model performed
best when only including the coalescence mechanism. Similarly, the Shao-Song
model required a higher value of RBM = 1.2, a parameter for determining the
relative production of singly charmed baryon and mesons, than the the value used
(0.425) to replicate the behaviour seen in pp and p–Pb collisions. However, the
uncertainties in this first measurement are very large and increased precision is
needed to further constrain these models. The CMS results also measured at
midrapidity (Figure 1.9 top left), seem to show no significant difference in the
Λ+

c /D
0 ratio measured in pp and Pb–Pb collisions in the pT range shared by the

two measurements, indicating that fragmentation is the dominant hadronisation
mechanism at pT > 10 GeV/c. Measurements by STAR (Figure 1.9 top right) in
Au–Au collisions at

√
sNN = 200 GeV show similarities between the Λ+

c /D
0 ratio

and light flavour baryon-to-meson ratios and models that implement coalescence
give the best description of the data.
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Figure 1.9: The measured Λ+
c /D

0 ratio from CMS in pp and Pb–Pb collisions
at
√
sNN = 5.02 TeV (top left). The measured Λ+

c /D
0 ratio from STAR in Au–

Au collisions at
√
sNN = 200 GeV (top right). The measured Λ+

c /D
0 ratio from

ALICE in Pb–Pb collisions at
√
sNN = 5.02 TeV compared with the measured

Λ+
c /D

0 ratio in pp collisions at
√
s = 7 TeV and p–Pb collisions at

√
sNN =

5.02 TeV (bottom left), and with theoretical models (bottom right). From [19],
[20] and [21], respectively.

1.2.3 Heavy-flavour production in pp collisions

The measurements detailed in this thesis are of the production of heavy-flavour
hadrons, in particular the charmed baryon, Λ+

c . The production of heavy-flavour
hadrons can be described by the factorisation theorem [25]. This is a convolution
of three terms:

• The parton distribution functions of the two colliding protons (or nuclei).
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• The hard scattering cross sections of partons to produce a charm-anticharm
pair.

• The fragmentation functions that determine the probability of a charm
quark fragmenting into a given hadron species

While the partonic hard-scattering cross sections may be calculated perturba-
tively, the parton distribution functions and fragmentation functions are non-
perturbative and require input from experimental data. Typically, the data is
taken from Deep Inelastic Scattering (DIS) and e+e− experiments, respectively.
The measurement of heavy flavour hadrons in pp collisions provides a good test
of pQCD calculations, tests the validity of fragmentation functions measured in
e+e− collisions, and acts as a vital reference for corresponding measurements
made in heavy-ion collisions. Measurements in p–Pb collisions are needed to un-
derstand the cold nuclear matter effects which could also modify the production
of heavy-flavour hadrons.

Predictions of heavy quark production come in three broad categories:

1. The first category of predictions are pQCD calculations. The assumptions
made as part of the calculation can change the pT range where these pre-
dictions are applicable. Calculations such as general-mass variable-flavour-
number-scheme (GM-VFNS) [26] and fixed-order + next-leading-logarithms
(FONLL) [27] are suitable over a large pT range and are regularly compared
against measurements of heavy-flavour hadrons.

2. The second category are Monte Carlo generators that generate their pre-
dictions through the simulation of many particle collisions. They also use
QCD to calculate the heavy quark production cross section. However, the
final state is generated by simulating the parton shower that includes string
fragmentation. The fragmentation is tuned to fragmentation functions mea-
sured in e+e− and e−p collisions. Some Monte Carlo generators such as
PYTHIA include mechanisms by which the the production of baryons can
be altered. When colour reconnection [28] (a process that is suppressed
in e+e− collisions) is included, this allows for colour connections between
quarks in initially uncorrelated parton interactions, pictured in Figure 1.10
(top). Figure 1.10 (bottom) shows the possible cluster configuration that
would lead to baryon reconnection.
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3. The third category are predictions from theorists that implement hadronisa-
tion via specific mechanisms. For instance, the Catania model [29] assumes
coalescence in small systems and the model by He and Rapp [30] assumes
currently unobserved high-mass charmed baryon states. These models in-
clude FONLL calculations for the charm quark production cross section,
but the subsequent method by which hadronisation of the charm quarks is
handled is specific to the particular model. Catania implements a combi-
nation of coalescence and fragmentation, with coalescence dominant at low
pT and fragmentation dominant at high pT, while the He and Rapp model
uses the statistical hadronisation model with an enhanced list of high-mass
charmed baryon states that strongly decay to the Λ+

c .

Figure 1.10: Representation of initially correlated quarks denoted by A and B,
and the newly colour connected quarks denoted by C and D (top). Representa-
tion of a possible cluster configuration that could lead to baryonic reconnection

(bottom), from [31].

In the previous data-taking period of the LHC (Run 1), a first measurement
of the Λ+

c baryon production cross section at ALICE for pp and p–Pb colli-
sions [32], was much higher than model predictions which used fragmentation
functions tuned on e+e− data, that had previously provided good descriptions for
charmed meson production, but were unable to accurately describe the Λ+

c mea-
surement. This result has implied that the fragmentation functions tuned on e+e−

data may not be universal between collision systems and led to the development
of models [29, 30] that aim to explain the Λ+

c enhancement.
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1.2.4 The measurements detailed in this thesis

This thesis presents new measurements of the production of prompt charmed
baryon, Λ+

c in pp and p-Pb collisions at the energy of
√
sNN = 5.02 TeV made

with the ALICE detector at the LHC during the Run 2 data taking period.
This analysis benefits greatly from the greater data sample, allowing the analysis
to cover a wider pT range in smaller pT intervals than the previous analysis.
Additionally, the change in the collision energy studied for pp collisions to match
that used in p–Pb and Pb–Pb collisions reduces the uncertainties on observables
that rely on comparisons between collision systems.

The contents of the rest of thesis is as follows. A general description of the
ALICE detector is included and further information is given on the sub-detectors
relevant to the analysis in Chapter 2. The next two chapters include excerpts
from analysis notes that I coauthored and that are specific to the analysis of the
Λ+

c → pK−π+ decay channel in pp and p–Pb collisions, respectively. The fifth
and sixth chapters incorporate published materials I have cowritten based on my
work on the Λ+

c → pK−π+ decay channel and the work of fellow collaborators
and analysers of the Λ+

c → pK0
S decay channel. These chapters will show the

results and some further theoretical background for the measurements presented.
Finally, conclusions on the presented work are given and the future of similar
measurements are discussed. This thesis is primarily my own work. The sources
of other materials are declared.
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Chapter 2

ALICE Experimental Setup

2.1 The Large Hadron Collider

The LHC is a double-ring hadron accelerator located under the French-Swiss bor-
der. It was built in the 26.7 km circumference tunnel that originally housed the
CERN LEP machine. It has four crossing points, each corresponding to the four
main experiments (ALICE, ATLAS, CMS and LHCb). It was built with the aim
to produce the high-energy proton-proton collisions necessary in which to study
the proposed Higgs Boson, discovered by both ATLAS [1] and CMS [2] experi-
ments in 2012. The ATLAS and CMS detectors are general-purpose detectors able
to study a large range of physics topics, including supersymmetry, extra dimen-
sions, and dark matter. LHCb and ALICE are more specialised. LHCb studies
CP violation and the observation of rare decays B hadrons. ALICE focuses on
Heavy-Ion collisions and measures the properties of the QGP.

Figure 2.1 shows a schematic of the LHC. The ring is separated into eight
straight sections of approximate length 528 m joined by eight arcs. The straight
sections can house experimental or utility installations. The ATLAS and CMS
experiments are located in opposing interaction regions 1 and 5, respectively.
ALICE and LHCb are located at interaction regions 2 and 8, where the injec-
tion systems for each beam are also located. Interaction regions 3 and 7 contain
collimation systems designed to clean the beam of particles with either high mo-
mentum offset or high betatron amplitudes, respectively. Interaction region 4
contains the radio frequency systems and LHC beam instrumentation and inter-
action region 6 contains the beam abort systems for both beams, where the beams
are kicked and deflected out of the ring into absorbers in a separate tunnel.
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Figure 2.1: Schematic layout of the LHC showing the locations of experimen-
tal and instrumentation installations, from [3].

2.2 The ALICE detector

The ALICE detector is a general-purpose detector specialising on studying strongly
interacting matter and the quark-gluon plasma generated, at high-energy densi-
ties, in the collisions of heavy nuclei. Although all of the main detectors at the
LHC each have their own heavy-ion programmes, ALICE is differentiated by its
capability to reconstruct and identify particle tracks in the high multiplicity en-
vironment seen in these collisions. To achieve this, the ALICE detector includes
a variety of tracking and Particle Identification (PID) detectors that will be de-
scribed in the rest of this chapter [4]. The detectors can be separated into two
main groups: the central barrel that encloses the interaction point and provides
measurements of hadrons, electrons, and photons at mid-rapidity, and the forward
arm that measures muons and the global characteristics of the events.
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Figure 2.2: Schematic of the ALICE detector. Subdetectors are labelled. [5]

2.2.1 The Central Barrel

The central barrel contains detectors that are primarily dedicated to vertexing,
tracking, or the particle identification (PID) of hadrons, electrons, and photons
produced at mid-rapidity. The central barrel detectors are enclosed by the L3
solenoid magnet [6] in a magnetic field of B = 0.5 T. Moving outwards from the
interaction point, the first four detectors cover a pseudorapidity of −0.9 ≤ η ≤ 0.9

in the full azimuth. From the interaction point outwards, the detectors are the:

• Inner Tracking System (ITS) - Consisting of six silicon layers, it per-
forms the reconstruction of the primary and secondary vertices, provides
tracking and PID of low momenta particles, and supplements the tracking
in the Time Projection Chamber.

• Time-Projection Chamber (TPC) - Acts as the primary tracking de-
tector, used in the vertexing, and can provide dE/dx information for PID.

• Time-Of-Flight detector (TOF) - Array of Multigap Resistive Plate
Chambers (MRPCs) that provides time-of-flight measurements used in PID
of charged tracks.

• Transition Radiation Detector (TRD) - Specialised PID detector for
electrons over pT < 1 GeV/c using transition radiation and specific energy
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loss (dE/dx) measurements as well as providing tracking and a fast trigger
for charged particles.

• Photon Spectrometer (PHOS) - A high-resolution electromagnetic spec-
trometer that operates in a limited acceptance (−0.12 ≤ η ≤ 0.12) at central
rapidity. PHOS contributes to the study of thermal and dynamic proper-
ties through the measurement of low pT direct photons and jet quenching
through the measurements of π0 and γ-jet correlations.

• Electro-Magnetic Calorimeter (EMCal) - A large Pb-scintillator that
acts as a large-acceptance (−0.7 ≤ η ≤ 0.7), moderate resolution electro-
magnetic calorimeter focused on the study of jet quenching. The EMCal
provides a fast and efficient trigger for hard jets, photons and electrons.

• High-Momentum Particle Identification Detector (HMPID) - Spe-
cialised PID detector for hadrons over pT > 1 GeV/c using ring imaging
Cherenkov counters. Additionally, the HMPID can perform PID for light
nuclei at hight pT at central rapidity.

2.2.2 The Forward Arm and Trigger detectors

The forward arm of the ALICE detector primarily focuses on the tracking of
muons, triggers, and the global characteristics of an event. The magnetic field
(B = 0.67 T) is provided by a dipole magnet placed 7m from the interaction
vertex. There are also detectors that characterise the global properties of events
and trigger on those of interest. The detectors located in the forward arm that
are used for triggers include:

• Muon Spectrometer - The measurement of muons is performed by the
muon spectrometer in the pseudorapidity range −4.0 < η < −2.5 allowing
for the study of open heavy flavour and the complete spectrum of heavy-
flavour vector-meson resonances via e-µ coincidence and µ+µ− decay mea-
surements, respectively.

• Zero Degree Calorimeter (ZDC) - Composed of hadronic calorimeters
at 116 m either end of the interaction point and electromagnetic calorime-
ters located at 7 m away from the interaction point opposite the muon
spectrometer. It measures the energy carried in the forward direction by
spectator nucleons and gives information on the centrality class of the event.
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• Photon Multiplicity Detector (PMD) - Two planes of gas proportional
counters that are used to estimate the reaction plane of the collision and
transverse electromagnetic energy from measurements of the multiplicity
and spatial distributions of photons in the forward pseudorapidity region
(2.3 ≤ η ≤ 3.7).

• Forward Multiplicity Detector (FMD) - Provides charged-particle mul-
tiplicity in the pseudorapidity ranges −3.4 ≤ η ≤ −1.7 and 1.7 ≤ η ≤ 5.0.

• V0 - Two arrays of scintillator counters installed on either end of the ALICE
interaction point that cover the pseudorapidity ranges −3.4 ≤ η ≤ −1.7 and
2.8 ≤ η ≤ 5.1. This detector alongside the Silicon Pixel Detector provides
the minimum bias trigger for the central barrel, and is additionally used
to provide centrality information and elimate background events caused by
interactions between protons and residual gas in the beam pipe.

• T0 - Two arrays of Cherenkov counters covering the pseudorapidity ranges
−3.28 ≤ η ≤ −2.97 and 4.61 ≤ η ≤ 4.92 that provide a start time for
the time-of-flight detector and supplies the main signals for the L0 trigger
(Information about triggers in Sect. 2.2.6).

• ALICE Cosmic Ray Detector(ACORDE) - Two stacked scintillator
arrays, operating in coincidence, located above the L3 solenoid magnet. It
provides a L0 trigger for alignment and calibration procedures. It is also
used in the study of cosmic rays through the detection of single atmospheric
and multi-muon events.

2.2.3 The Inner Tracking System

The ITS consists of six cylindrical layers of silicon detectors that cover a pseudo-
rapidity range |η| < 0.9 and extend from an inner radius of 3.9 cm to an outer
radius of 43 cm. The inner and outer radii of the the detector are dictated by the
dimensions of the beam pipe and ensuring a good track matching efficiency with
the TPC, respectively. The ITS can be divided into smaller sub-detectors based
on the type of silicon layers used. The Silicon Pixel Detector (SPD) corresponds
to the two innermost layers, the Silicon Drift Detector (SDD) to the middle two
layers, and the Silicon Strip Detector (SSD) to the two outermost layers. The SPD
module is comprised of a 2D sensor matrix bump bonded to five readout chips.
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The sensor matrix consists of 256 × 160 cells to give an active area of 12.8 mm
(rφ) × 70.7 mm (z). The SDD was produced from homogeneous high-resistivity
neutron transmutation doped silicon with a sensitive area of 70.17(rφ)×75.26(z)
mm2. The sensitive region is split in two drift by a central cathode strip. The
drift regions each contain 256 collection anodes, and three rows of 33 MOS in-
jectors that monitor drift velocity. The SSD sensors are 300 µm thick and have
768 strips on each side. The sensors are mounted so that the strips are in parallel
to magnetic field to optimise the resolution in the bending direction. The role of
the ITS is to determine the primary vertex to a resolution better than 100 µm,
reconstruct the secondary vertices of strange and heavy flavour particles, and to
track and identify low momenta particles below 200 MeV/c. The choice and the
position of the silicon detector types is largely dependent on the ability to fufill
these roles while minimising the amount of material in the active volume and
being suitable for the expected particle density (50 particles per cm2 for the inner
layer and less than 1 particle per cm2 for the outer layers). The SPD has high
granularity, important for the high-particle density. The SDD has very good mul-
titrack capability and provides the first two of the dE/dxmeasurements necessary
for PID. The SSD provides the latter two dE/dx measurements and provides a
two dimensional measurement of the track position crucial for the matching of
tracks with the TPC.

Figure 2.3: Schematic of the ITS layout showing the positions of the different
silicon layers. From the inside outwards, there is the Silicon Pixel Detector, the

Silicon Drift Detector, and Silicon Strip Detector. [4]
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Detector Type Acceptance Radial position (cm) Area (m2)
SPD ±2, ±1.4 3.9, 7.6 0.07, 0.14
SDD ±0.9, ±0.9 15.0, 23.9 0.42, 0.89
SSD ±0.97, ±0.97 38.0, 43.0 2.20, 2.80

Table 2.1: Table showing the Acceptance and dimensions of the different ITS
layers. From [4]

2.2.4 The Time Projection Chamber

The Time Projection Chamber (TPC) is the main tracking detector of the ex-
periment and is designed to match tracks in the ITS and TRD. It has an active
volume extending from an inner radius of about 85 cm to an outer radius of 250
cm and a length of 500 cm, covering a pseudorapidity range |η| < 0.9. The inner
radius was decided by the maximum acceptable hit density (tracking). Whereas,
the outer radius was determined by the length necessary to achieve a specific
energy loss resolution of 5-7%, allowing the TPC to also identify particles up to
approximately 50 GeV/c. The design of the ALICE TPC follows typical design
principles for a TPC. It contains an active volume of gas in a uniform electric
field and multi-wire proportional chambers (MWPCs) along the endplates. Any
charged particle passing through the gas leaves a track of ionised gas, the elec-
trons follow the electric field and their locations are directly measured by the
MWPCs in r and φ. The z-coordinate is determined by the drift time. It is able
to provide measurements of particles in a wide range of transverse momentum,
from 0.1 GeV/c to 100 GeV/c. The TPC provides up to 159 space points to
reconstruct the particle trajectory and determine its momentum, and provides
charged PID via the measurement of the specific energy loss dE/dx.

2.2.5 The Time-Of-Flight Detector

The TOF detector is an array of Multi-gap Resistive Plate Chambers (MRPCs)
that covers the full azimuth in the pseudorapidity range |η| < 0.9. These chambers
contain an array of strips 1220 mm long and 100 mm wide.These chambers hold
several advantages over other parallel plate designs such as: they can be operated
at atmospheric pressure; the signal is summed from multiple gaps which removes
any late tail and gives a peak well separated from zero; the resistive plates enable
operation at high gain by quenching streamers. The MRPC strips are tilted as
to minimise the transversal path of particles through the strips. This mitigates
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signal being shared among adjacent pads, reducing occupancy and the time jitter
of measured signals. The TOF detector provides PID for pions and kaons in the
range pT < 2.5 GeV/c, and pT < 4 GeV/c for protons, providing π/K and K/p
separation better than 3σ.

2.2.6 Triggers

The ALICE Central Trigger Processor (CTP) generates three levels of hierarchi-
cal hardware triggers: L0, L1, and L2. By operating at these different levels the
CTP can satisfy the varied timing requirements of the different sub-detectors. A
pretrigger activates electronics in the TRD at < 900 ns from information given
by the T0, V0 and TOF detectors, then at 1.2 µs the L0 recieves some of the
fast trigger inputs with the remaining fast trigger inputs being collected by the
L1 signal at 6.5 µs. For pp collisions, these fast triggers include signals from
the T0, PHOS, EMCAL, TOF, V0, TRD, ZDC, ACORDE and SPD. The final
trigger L2 is sent at 88 µs to include the input from the TPC. This L2 trigger
also corresponds to the past-future protection interval. ALICE implements this
protection to ensure that selected events are not spoilt by pile-up. The protec-
tion is programmable and can be implemented differently depending on the the
collision type to account for the widely differing multiplicity and luminosity in
pp and Pb–Pb collisions. The software-based High-Level Trigger (HLT) is used
to mitigate the large discrepancy between the data rate and the archiving rate.
To do this, events are rejected or selected based on further online analysis. Fur-
ther reductions can be achieved by passing only data related to a physics region
of interest from an event, and compression of the event data. When there are
multiple triggers corresponding to events of differing rarity, downscaling can be
applied to the more common events. In addition to the downscaling, common
trigger classes can be temporarily disabled when the occupied temporary storage
exceeds some preset level to keep bandwidth available for rare processes.

2.2.7 Vertex and Track Reconstruction

The reconstruction of the primary vertex is a vital requirement for multiple levels
of data processing in ALICE. The primary vertex is needed at the online level
to monitor the beam position and spread. This is provided by the SPD due
to its proximity to the interaction point, response time, and excellent resolution
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due to high granularity. The primary vertex, as given by clusters in the SPD,
is taken by the Kalman filter algorithm as an input at the reconstruction level.
The primary vertex can be determined either locally from tracklets in the SPD
or via reconstructed tracks. The primary vertex and tracks are reconstructed by
information in the ITS, TPC, and TRD in the following steps [7]:

1. The first estimate of the the primary vertex is given by the local determi-
nation in the SPD. If a position in 3D space cannot be determined only the
z coordinate will be passed to the next step.

2. Track reconstruction occurs from the TPC inwards using a Kalman filtering
algorithm. Track candidates are created using the location of the primary
vertex and information from the outermost rows in the TPC.

3. The track reconstruction moves inwards from the TPC into the outermost
layer of the ITS and the tracks are then matched. The reconstruction
continues to the innermost pixel layer. This is done with and without vertex
information from the SPD to maximise the efficiency for primary tracks and
to find tracks displaced from the vertex, respectively.

4. Back-propagation outwards through both the ITS and TPC where the
tracks are then extrapolated to the TRD. Further extrapolation matches
hits on the PID detectors.

5. A final pass inwards, now with the full PID information, is performed.

6. The primary vertex is determined now using the reconstructed tracks. The
tracks and (their corresponding vertex) are stored for later analysis.

2.2.8 Particle Identification

For the analyses presented, only the PID from the TPC and TOF was used.
Further details of how these PID signals are combined are given in Chapter. 3.

Energy Loss in the TPC

The TPC provides PID from simultaneous measurements of the specific energy
loss (dE/dx), the charge, and the momentum of the particle. The energy loss is
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described by the Bethe-Bloch formula, parameterised as

f(βγ) =
P1

βP4
·
(
P2 − βP4 − ln

(
P3 +

1

(βγ)P5

))
(2.1)

by the ALEPH collaboration [8], where β is the velocity of the particle as a
fraction of the speed of light c, γ is the Lorentz factor, and P1, P2, ...P5 correspond
to fit parameters based on the gas mixture. A truncated mean is taken over the
maximum of 159 clusters. PID of charged hadrons occurs on a track-by-track
basis up to 1-2 GeV/c. In the relativistic region, a statistical approach is used to
increase the range on charged hadron PID to pT of tens of GeV/c. The specific
energy loss (dE/dx) for the TPC in p–Pb collisions is shown in 2.4.

ALI-PERF-60751

2013/10/13

Figure 2.4: The plot shows the specific energy loss (dE/dx) of charged parti-
cles vs their momentum measured by the TPC in p–Pb collisions. The lines are
a parameterization of the detector response based on the Bethe-Bloch formula.

Time-of-flight

Charged hadrons of intermediate momentum (up to a few GeV/c) are identified
using the TOF detector. This is achieved by the combination of the measurement
of the time of flight from the TOF tTOF , and momentum measurements p from
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the ITS and TPC detectors to calculate the mass of the particle m.

m =
p

βγ
= p

√
ct2TOF
L
− 1 (2.2)

L is the track length. All other symbols retain their definitions made for Eq.
2.1. tTOF is given as the difference between the time of the collision Tcoll and the
arrival time of a particle in the TOF detector Tarr. The T0 detector is dedicated
to determining Tcoll. However, due to the limited acceptance of the T0 detector,
it is not possible to measure Tcoll for all events. In this case, the TOF detector
can provide an estimate of Tcoll using tracks with an associate TOF signal and
an χ2-minimisation process that considers all possible mass combinations. The
measured particle velocity by the TOF detector is shown in figure 2.5.
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Figure 2.5: TOF Beta vs Momentum performance plot in pp collisions at
5.02 TeV

The ALICE detector is a powerful general purpose detector able to reconstruct
and identify particle tracks even in the high multiplicity environment of heavy-
ion collisions due to its wide range of sub-detectors. The ITS, TPC and TOF
detectors are located the central barrel and provide the necessary tracking and
PID to measure charmed baryons like the Λ+

c . In the next section, the procedure
to extract the Λ+

c baryon cross section will be explained.
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Chapter 3

Data Analysis: Λ+
c→pK−π+ in pp

collisions at
√
s= 5.02 TeV

3.1 Declaration

This work was written up as an Analysis Note and peer reviewed internally by the
ALICE collaboration. The subsequent paper containing this analysis is presented
in Chapter 5. This work that I coauthored details the analysis of the Λ+

c →
pK−π+ and Λ+

c → pK0
S decay channels in pp collisions at

√
s = 5.02 TeV using

data taken during LHC Run 2. My specific contribution to this work was the
analysis of the Λ+

c → pK−π+ decay channel in pp collisions at
√
s = 5.02 TeV

using data taken during LHC Run 2. The excerpt shown only includes details
of the analysis in the Λ+

c → pK−π+ decay channel and was written primarily by
myself in collaboration with J. Norman.

Permission to include this excerpt from the Analysis Note with identification
reference ALICE-ANA-844 entitled "Measurement of prompt Λ+

c production via
hadronic decay channels, in pp collisions at

√
s = 5.02 TeV (Run 2 data)" was

given by all the data-analysers who co-authored this document, as well as by the
ALICE Collaboration Physics Coordinator and the co-chairs of the ALICE Col-
laboration Editorial Board. Their consent declaration can be found in Appendix
A.
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3.2 Introduction

The inclusive open heavy-flavour hadronic cross section can be calculated un-
der the factorisation theorem as a convolution of the (perturbative) partonic
cross section, the parton distribution function describing the probability distri-
bution of parton fractional momentum within the proton, and the fragmentation
function, describing the probability of a heavy quark fragmenting into a given
hadron. While the partonic cross section can be calculated within perturbative
QCD, the fragmentation function and parton distribution are non-perturbative
and rely on experimental input. The measurement of the relative production of
charmed hadrons in proton-proton collisions is a sensitive to fragmentation pa-
rameters determined from e+e− collisions, and can give insight into hadronisation
mechanisms. The charmed baryon-to-meson ratio (e.g. Λ+

c /D
0) is a particu-

larly sensitive probe of how baryons and mesons hadronise. A measurement in
pp collisions at

√
s = 5.02 TeV also provides a reference for a measurement in

Pb-Pb collisions, where baryon production is expected to be further enhanced if
coalescence plays a role in hadronisation [1, 2, 3].

The measurement of the production cross sections of D mesons (and the rel-
ative production of different D meson species) in pp collisions [4] are described
well by perturbative-QCD-based calculations (e.g. FONLL [5, 6], GMVFNS [7,
8]) which take fragmentation parameters from e+e− collision data. D meson
production measured in minimum bias p-Pb collisions [9] shows minimal mod-
ification with respect to the binary-scaled pp expectation, indicating minimal
cold-nuclear-matter effects in minimum bias p-Pb collisions. However, the Λ+

c

production cross section measured by ALICE [10] is higher than all expectations.
In particular, the baryon-to-meson ratio (Λ+

c /D
0) in pp collisions was measured

in 1 < pT < 8 GeV/c at mid-rapidity to be 4-5 times higher than previous mea-
surements in different collision systems (e+e−, e−p), at different centre-of-mass
collision energies and in different kinematic regimes. Theoretical predictions from
PYTHIA [11, 12], DIPSY [13, 14] and HERWIG [15] all underestimate the Λ+

c /D
0

ratio, while PYTHIA with enhanced colour reconnection, which is a phenomeno-
logical model which allows additional colour reconnections between initially un-
correlated scattered partons, brings the prediction closer to data. This model
also gives a reducing trend with pT.

During Run 2 of the LHC, ALICE has collected around 1 billion minimum-
bias pp collisions at

√
s = 5.02 TeV - 2.5 times that collected in Run 1 at

√
s =
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7 TeV. This new dataset will extend the kinematic range of the measurement
and will allow for the uncertainties on the Λ+

c /D
0 measurement to be significantly

reduced. It will also provide a reference for the Pb–Pb measurement expected to
be made with the Pb–Pb data taken at the end of 2018. This note presents the
measurement of the Λ+

c in pp collisions at
√
s = 5.02 TeV collisions.

3.3 Λ+
c → pK−π+ analysis

The following sections outline the measurement of the Λ+
c baryon in pp collisions

via the decay channel Λ+
c → pK−π+. The event and track selection is described in

Section 3.4. The PID and topological selection strategy is described in Section 3.5.
The signal extraction is described in Section 3.6. The efficiency and acceptance
corrections are described in Section 3.7. The systematic uncertainty sources and
the methods used to estimate them are described in Section 3.8.

The Λ+
c is the lightest charmed baryon with a rest mass of 2286.46 ± 0.14

MeV/c2. The golden channel of its measurement is the the decay Λc → pKπ with
a BR of 6.28 ±0.23%, which includes 4 decays that are indistinguishable in this
measurement. This includes three resonant decays and one non-resonant decay.
These are shown in Table 3.1.

Λ+
c decay mode branching ratio (Γi/Γtotal) Γi/Γ1 q(MeV/c)

pK−π+ (6.28± 0.32)% 1 823
pK̄∗(892)0 (1.96± 0.27)% 0.31± 0.05 685

∆(1232)++K− (1.08± 0.25)% 0.17± 0.04 710
Λ(1520)π+ (2.2± 0.5)% 0.35± 0.08 628

pK−π+ nonresonant (3.5± 0.4)% 0.55± 0.06 823

Table 3.1: Λ+
c decay channels considered in this analysis. Values taken from

[16]

Λ+
c decay mode branching ratio (Γi/Γtotal) q(MeV/c)

K̄∗(892)0 → K−π+ ( 66.6)% 289
∆(1232)++ → pπ− ( 100)% 229
Λ(1520)→ pK− (22.5± 0.5)% 243

Table 3.2: Λ+
c resonant decay channels and branching ratios, in the case where

the Λ+
c ends up in the pKπ final state. Values taken from [16]
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The signal extraction strategy is based on particle identification of single
tracks, an invariant mass analysis of resonant states created in the decay of Λ+

c

and an invariant mass analysis of the Λ+
c itself from decay candidates. Having the

three candidates of Λ+
c daughters (a proton, kaon and pion) the invariant mass

can be calculated as follows:

M2
Λ+

c
= (Ep + EK + Eπ)2 − (|~Pp + ~PK + ~Pπ|)2, (3.1)

where

• Ep,EK , and Eπ are the energy of protons, kaons and pions, respectively.

• ~Pp, ~PK and ~Pπ are the momentum vectors of protons, kaons and pions,
respectively.

The invariant mass of the candidates has a peak in the Λ+
c invariant mass re-

gion. However, events containing Λ+
c are relatively few compared to light flavour

physics. As a consequence, the combination of random particles generates signif-
icant background. The measurement requires a good study of its decay topology
and particle identification. An analysis based on standard ‘rectangular’ topolog-
ical selection will be shown.

The identification of the Λ+
c is only possible for Λ+

c at moderate to high mo-
menta (Λ+

c pT > 1 GeV/c), due to its decay topology with the secondary vertex
typically less than 100 µm from the primary (collision vertex) and the current
pointing resolution of the ALICE ITS (Inner tracking System) for single tracks.
In this note, the analysis of Λ+

c in pp collisions with the ALICE experiment will
be shown in the pT bins 1-2, 2-3, 3-4, 4-5, 5-6, 6-8, 8-12, 12-16, 16-24 GeV/c.

3.4 Data samples, Event and Track selection

3.4.1 Data samples

The presented Λ+
c analyis is performed using pp collisions at

√
sNN = 5.02 TeV

data, recorded in 2017 composed of minimum bias events. Where the main trigger
detectors are the SPD and V0 scintillator arrays. The minimum bias trigger
selects all events with at least one hit in the SPD or in one of the two V0 counters,
in coincidence with the signals from the beam pickup detectors.
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Two Monte Carlo productions were used to compute the efficiencies and accep-
tance corrections. They were made with PYTHIA for events enriched by charm
or beauty pairs forced to decay into either Λ+

c → pK−π+ or Λ+
c → pK0

S.

3.4.2 Event selection

For the event selection, any event passing the minimum bias trigger and physics
selection were included. The primary vertex was required to be reconstructed
with only tracks within 10 cm in the z direction from the interaction point. The
reconstructed ITS and ITS+TPC vertices are required to be closer than 5 mm.
Events with more than one interaction (pile-up) were removed.

3.4.3 Track selection

For a track to be included in the reconstruction of the secondary vertices of Λ+
c

they were selected by requiring the conditions stated in Table 3.3:

Parameter choice

n. of TPC clusters ≥ 70
TPCrefit true
n. of ITS clusters ≥ 2
ITSrefit true
|η| < 0.8
pT > 0.4 GeV/c

Table 3.3: The track selection applied in this analysis.

3.4.4 Lego train Information and AliRoot Code Used

After event selection, the data sample is composed of 980 million minimum bias
events. The MC simulations used for the efficiency corrections and tuning cut
parameters is composed of 600 thousand minimum bias events. The code used to
obtain the results in this analysis is available publicly at [17].
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3.5 Particle identification and topological selec-

tion

3.5.1 Topological selection

For each reconstructed candidate, several cut variables are calculated based on
primary and secondary vertex positions as well as the kinematics of the decay
product tracks.

For the stage where pairs of opposite charge are constructed from the tracks
that met the single track selection, a secondary vertex is calculated, and cuts are
applied to:

• The distance of closest approach between the two tracks (DCA)

• The distance between the primary and secondary vertex reconstructed from
the pair of tracks (dist12)

A third track is then added to the pair to form a triplet which will be a Λ+
c

candidate. The secondary vertex for this triplet is calculated and cuts are applied
to:

• the quality of the reconstructed vertex. This is computed by summing in
quadrature the distance of closest approach of each track to the calculated
secondary vertex (σvertex)

• The distance between the primary and secondary vertex (decay length)

• The cosine of the pointing angle. The pointing angle is the angle between
the Λ+

c flight line, determined by the primary and secondary vertex, to the
reconstructed Λ+

c momentum vector (Cosθp)

• The transverse momentum of the decay products pT(p), pT(K) and pT(π).

The difference in the signal and background distributions for these cut pa-
rameters can be studied with the aforementioned Monte Carlo simulation. It was
decided that imposing tighter topological selections did not improve the predicted
significance. For this reason, ‘loose’ cuts (shown in Table 3.4 and) defined at the
creation of the analysis dataset, referred to as ‘production cuts’, were chosen as
the cuts for this analysis as they performed comparatively well in all pT bins and
the cuts were by definition constant with pT.
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pT, Λ+
c pT, p pT,K pT,π DCA dist12 σv dlength Cosθp

2 < pT < 3 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
3 < pT < 4 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
4 < pT < 6 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
6 < pT < 8 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
8 < pT < 12 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
12 < pT < 24 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0

(GeV/c) (GeV/c) (GeV/c) (GeV/c) (cm) (cm) (cm) (cm)

Table 3.4: Corresponding cut parameter values for production cuts.

3.5.2 Particle identification

Particle identification of protons, pions and kaons, from which the Λ+
c candidates

are reconstructed, is based on information on the specific ionisation, dE/dx in
the TPC gas as well as the time-of-flight measurement from the TOF detector.
TOF measurements help to identify particles where the TPC is no longer able to,
such as at 0.6 GeV/c and 1.2 GeV/c where the kaon band merges with the pion
and proton bands, respectively for TPC PID. However TOF measurements are
not always available because tracks present in the TPC may not reach the TOF.
A Bayesian approach of particle identification has been developed by ALICE [18]
and is used in this analysis. In this analysis tracks are assigned the identity of
the particle species with the highest posteriori probability (conditional probability
given the PID measurement and prior knowledge of the expected particle abun-
dances), the so-called ‘maximum probability criterion’. The Bayesian approach
was chosen over the nσ approach, since although it can result in a smaller effi-
ciency, this approach gives a higher chance of correctly identifying a track, thus
allowing for a higher purity in the sample of tracks passing the PID selection.
This was previously shown to be the optimal approach for the Λ+

c → pK−π+

analysis [18].

3.6 Signal extraction

In this section, the signal extraction results for the Λ+
c → pK−π+ in pp data will

be shown for the nine momentum bins: 1-2, 2-3, 3-4, 4-5, 5-6, 6-8, 8-12, 12-16,
16-24 GeV/c. The value for the signal (raw yield) are taken from the invariant
mass plots of candidates containing p,K and π tracks, as described in equation 3.1.
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The fit function to reproduce these distributions is the combination of a Gaussian
for the Λ+

c peak and a second-order polynomial for the background. The fit is
performed in two steps: The first estimates the background function parameters
using the side bands; the second repeats this including the signal range, fitting
the signal, leading to a final estimation of all fit parameters. The number of signal
events are extracted by subtracting the background function from the total fit in
the signal range within 3 standard deviations.

Figure 3.1 shows the peak mean and width values for data and Monte Carlo.
Good agreement is observed between peak means of the invariant mass in data
and Monte Carlo with the exception of the last pT bin as shown in Figure 3.1
(top). A similar trend is also seen for the peak widths of the invariant fits of the
combined dataset when compared to Monte Carlo in Figure 3.1 (bottom). It can
also be seen that for ‘Sample 1’ and ‘Sample 2’ datasets (independent subdivisions
of the total dataset based on their reconstruction strategy) there are several pT

bins where the widths are comparatively small, potentially caused by fitting to
fluctuations in the mass spectra. Figure 3.2 shows invariant mass plots in each
pT bin for productions cuts with sigma values fixed to MC values. In Figure 3.2,
it can be seen that we get good signal extraction in the pT range 2-12 GeV/c. We
also see hints of signal in the 1-2 and 12-24 GeV/c bins.
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Figure 3.1: Top: Comparison of peak mean for data and MC, Bottom: Com-
parison of peak width for data and MC. Both the data and Monte Carlo have
been split into two independent samples based on their reconstruction strategy.
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Figure 3.2: Invariant mass plots in each pT bin for productions cuts with
sigma values fixed to MC values.
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3.7 Corrections to the raw yield

3.7.1 Efficiency and Acceptance correction

In order to obtain true productions yields of Λ+
c , corrections are made to the raw

yields extracted from the invariant mass spectra. The product of acceptance and
efficiency corrections Acc × ε is determined in each pT bin using Monte Carlo
simulated pp events. The efficiency of each intermediate Λ+

c → pK−π+ resonant
decay is different due the different kinematic properties, requiring the efficiency
and acceptance to be determined individually for each decay. Both Pythia 6 and
Pythia 8 are used to simulate the pp events, and Geant3 is used to simulate the
detector response.

The Λ+
c Efficiency is calculated in 8 stages:

• MC particles in acceptance

• Vertex (event selection)

• Refit (number of hits in ITS and TPC detectors)

• Reconstructed candidates

• Reconstructed candidates in acceptance

• Passing minimum no. of ITS clusters

• Topological cuts

• PID

Figure 3.3 shows the prompt and non-prompt efficiencies of the Λ+
c which

are given for the four different decay channels as well as the overall efficiency
multiplied by the acceptance (shown separately in Figure 3.4). The efficiency is
greater in general for non-prompt due to its displaced secondary vertex.

The acceptance factor is necessary to normalise the yield to the rapidity win-
dow, |y| < 0.5 where the cross-section is essentially flat. This is calculated using
a toy Monte Carlo, as the acceptance is a purely geometric effect.
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3.7.2 Feed-down correction

To extract the raw yield NΛ+
c

raw,prompt corresponding to only prompt Λ+
c , the con-

tribution of feed-down NΛ0
b→Λ+

c +X
raw from Λ0

b → Λ+
c + X decays is subtracted from

the measured raw yield, NΛ+
c

raw:

NΛ+
c

raw,prompt = NΛ+
c

raw −N
Λ0

b→Λ+
c +X

raw (3.2)

NΛ+
c

raw,prompt = NΛ+
c

raw · (1−
N

Λ0
b→Λ+

c +X
raw

NΛ+
c

raw

) = NΛ+
c

raw · fprompt, (3.3)

where fprompt is the relative fraction of Λ+
c not from the Λ0

b → Λ+
c + X decay.

The method chosen to calculate the feed-down, referred to as the Nb method,
uses the production cross section of Λ0

b calculated within FONLL multiplied by
branching ratio to the decay channel Λ0

b → Λ+
c + X, the correction factors for the

acceptance and reconstruction efficiency εΛ0
b→Λ+

c +X of non-prompt Λ+
c , and the

integrated luminosity, Lint:

fprompt = 1− 1

NΛ+
c

raw

· Lint ·BRb · εΛ0
b→Λ+

c +X

∫
∆y∆pT

dσ
Λ0

b
FONLL

dydpT

∆y∆pT (3.4)

The production cross section of Λ+
c from Λ0

b-baryon decays,
(

d2σ
dpTdy

)FONLL

feed−down
, was

calculated using the b-quark pT-differential cross section from FONLL calcula-
tions [5, 19], the fraction of beauty quarks that fragment into Λ0

b estimated from
LHCb measurements [20], and the Λ0

b → Λ+
c + X decay kinematics modelled

using PYTHIA 8 simulations [21], normalised according to the branching ratio
f(Λ0

b → Λ+
c + X) = 33% [22]. This method has been updated since the previous

measurement of the Λ0
b, which used a fragmentation fraction determined from

e+e− collisions, and included a factor of two in the uncertainty to account for
measurements of Λ0

b production in pp collisions. At that time, fragmentation
fractions of beauty hadrons had not been measured at the LHC, but we now
take advantage of the recent LHCb measurements [20, 23] to parameterise Λ0

b

fragmentation in pp collisions.
The b→ Λ0

b fragmentation was derived from the LHCb measurements of Λ0
b-

production fraction relative to B0 and B− mesons in pp collisions at
√
s = 13 TeV

[20], which indicates that the fraction of b quarks hadronising into a Λ0
b baryon
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is strongly pT dependent in the measured range of 4 < pT < 25 GeV/c. The fits
to the production fractions of B0

s and Λ0
b hadrons normalised to the sum of B−

and B0 hadrons are presented in [20] as a function of the beauty-hadron pT as

fs
fu + fd

(pT) = A[p1 + p2 × (pT− < pT >)] = X, (3.5)

fΛ0
b

fu + fd
(pT) = C[q1 + exp(q2 + q3 × pT)] = Y, (3.6)

where fd, fu, fs and fΛ0
b
are the fractions of b quarks that hadronise into B0, B−,

B0
s and Λ0

b, respectively, and A, p1, p2, < pT >, C, q1, q2 and q3 are free parameters
of the fits to the measured ratios. The LHCb paper defines C = 1 ± 0.061,
q1 = (7.93±1.41)·10−2, q2 = −1.022±0.047 and q3 = −0.107±0.002 GeV−1 for eq.
3.6, as well as A = 1±0.043, p1 = 0.119±0.001, p2 = (−0.91±0.25) ·10−3 GeV−1

and < pT >= 10.1 GeV for eq. 3.5. Assuming fu = fd and fu + fd + fs + fΛ0
b

= 1

the Λ0
b fragmentation fraction can then be defined as

fΛ0
b
(pT) =

Y

(X + Y + 1)
, (3.7)

and, for completeness, the fragmentation fractions for the other species can be
defined as

fu(pT) = fd(pT) =
1

2(X + Y + 1)
, (3.8)

fs(pT) =
X

(X + Y + 1)
, (3.9)

The parameterisation for fΛ0
b
is used to define the Λ0

b fragmentation, for pT >

5 GeV/c. For pT < 5 GeV/c it was assumed that fΛ0
b

= 0.2, since measurements
of the ratio Λ0

b/B
0 in pp collisions at

√
s = 7 TeV and 8 TeV [23] are flat as a

function of pT in this interval within the experimental uncertainties.
The uncertainties for fΛ0

b
are defined by varying the free parameters inde-

pendently within their uncertainties. Figure 3.5 (left) shows the fragmentation
ratios with the fits and variations of the fits, where each free parameter is varied
independently. Figure 3.5 (right) shows the fΛ0

b
fraction with the same variations.

Figure 3.6 (left) shows the measurements at different centre-of-mass energies
as measured by LHCb. Figure 3.6 (right) shows the ratio of the different energies.
An additional flat 20% uncertainty associated with the possible

√
s-dependence
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Figure 3.5: Left: The measured beauty fragmentation ratios by LHCb with
the fit to the data, along with the variations of the free parameters of the
fits. Right: The parameterisation of the fragmentation fraction fΛ0

b
and the

variations from independent variations of the free parameters.

of the beauty baryon-to-meson ratios was added to the upper uncertainty of the
Λ0

b fragmentation fraction, chosen conservatively to account for the additional
possible

√
s-dependence between the ratios at 5 TeV and 7 TeV. It was assumed

that there is no rapidity dependence of fΛ0
b
since the LHCb measurements of

beauty-production ratios are flat as a function of rapidity in 2 < y < 5 within
the experimental uncertainties [23, 20].
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Figure 3.6: Left: Measurements of the Λ0
b / B production ratios at different

energies by LHCb. Right: Ratios of the ratios.

Figure 3.7 shows the pT-dependent fragmentation fractions that are used in
this analysis. For pT = 5 GeV/c, fΛ0

b
is around 0.2, and it decreases to a value

of around 0.09 for pT > 20 GeV/c. For pT(Λ0
b) < 5 GeV/c, the lower uncertainty

bound of fΛ0
b
was taken to be equal to the lower bound of the fit at pT(Λ0

b) =

5 GeV/c, independent of pT, while the upper uncertainty bound was taken to be
equal to the pT-dependent upper bound of the fit.
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Figure 3.7: Parameterisation of the fragmentation fraction of beauty quarks
into Λ0

b used in the feed-down estimation in this analysis.

Figure 3.8 shows the Λ0
b → Λ+

c + X cross section used in this analysis, taking
the FONLL b cross section, the fragmentation parameterisation as described in
the text, and the Λ0

b → Λ+
c +X decay kinematics from PYTHIA. The uncertainty

components are also shown. It can be seen that the dominant uncertainty is that
from the FONLL calculation.

Figure 3.9 shows the value of fprompt for the Λ+
c → pK−π+ analysis. The green

box shows the fprompt used in this analysis. It is also compared to the value used
with the old feed-down method (without the factor of two as described above).
Due to the increase in the fragmentation fraction at low pT, the updated value of
fprompt is lower than the old value.

Figure 3.10 shows the new prompt fraction values after updating the branching
fractions of beauty hadron to charmed hadron decays to those reported in the
PDG 2020 [16]. The prompt fraction shown in this Figure is the one used in the
publication.
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Changes to Feeddown

Figure 3.9: Relative fraction of Λ+
c estimated to be present in the the raw

yield using Nb method. The ‘Central’ points are the values calculated using the
Run 1 method, the boxes show the uncertainties of the new method including
or not including the uncertainties from FONLL and the fragmentation fraction.
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Figure 3.10: fprompt for the Λ+
c → pK−π+ analysis after an update with

respect to the values in PDG 2020 [16].
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3.8 Systematic uncertainties

This section summarizes the steps taken into account to determine the systematic
errors present in the analysis.

3.8.1 Signal extraction

The systematic uncertainty on the extraction of the raw yield can be estimated
by varying the various fitting and histogram parameters from the default used in
the central cross section calculation. This is done in a loop, and the following fit
and histogram parameters are changed from the default (defined in bold below):

• The function used to fit background. Four functions were used an exponen-
tial, linear, 2nd order polynomial and a 3rd order polynomial.

• The mass window. Five upper limits were chosen (2.40, 2.39, 2.38, 2.37
and 2.36 GeV/c) and five lower limits were chosen(2.17, 2.18, 2.19, 2.20,
2.21 GeV/c).

• Three rebin steps: 2, 4 and 6 GeV/c.

• Four combinations of either free or fixed Sigma and free or fixed Mean. The
default was fixed sigma and free mean. Where the values are fixed to values
in the Monte Carlo.

The results of the fit variation systematic studies can be seen in figures 3.11
to 3.18, where shown is (from top left clockwise) the peak width of the fit as a
function of the trial number, the raw yield as a function of the trial number, the
χ2/NDF as a function of the trial number, and the distribution of the raw yield.
The red line indicates the raw yield of the ‘central’ cross section.
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Figure 3.11: Multi-trial variation for 1< pT <2 GeV/c. From top left clock-
wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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Figure 3.13: Multi-trial variation for 3< pT <4 GeV/c. From top left clock-
wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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Figure 3.14: Multi-trial variation for 4< pT <5 GeV/c. From top left clock-
wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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Figure 3.15: Multi-trial variation for 5< pT <6 GeV/c. From top left clock-
wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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Figure 3.16: Multi-trial variation for 6< pT <8 GeV/c. From top left clock-
wise: the peak width of the fit as a function of the trial number, the raw yield
as a function of the trial number, the χ2/NDF as a function of the trial number,
and the distribution of the raw yield. The red line indicates the raw yield of

the ‘central’ cross section.
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Figure 3.17: Multi-trial variation for 8< pT <12 GeV/c. From top left
clockwise: the peak width of the fit as a function of the trial number, the raw
yield as a function of the trial number, the χ2/NDF as a function of the trial
number, and the distribution of the raw yield. The red line indicates the raw

yield of the ‘central’ cross section.
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Figure 3.18: Multi-trial variation for 12< pT <24 GeV/c. From top left
clockwise: the peak width of the fit as a function of the trial number, the raw
yield as a function of the trial number, the χ2/NDF as a function of the trial
number, and the distribution of the raw yield. The red line indicates the raw

yield of the ‘central’ cross section.
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3.8.2 Topological selection

The uncertainty due to the topological cuts is determined by varying the topo-
logical cuts. The production cuts (which were defined at creation of the analysis
dataset) had been chosen as a result of the cut optimisation investigation. Due
to this, the usual method of varying the cuts to be both tighter and looser than
the central cut could only be done for tighter variations. The prompt Λ+

c effi-
ciencies for different topological variations relative to the ‘central’ cut are shown
in Figure 3.19 and the cross section for different topological variations relative to
the ‘central’ cut are shown in Figure 3.20.
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Figure 3.19: Ratio of prompt Λ+
c efficiencies for the different topological cuts

(with range up to 25% change of cut parameters).

Two pT bins (1-2 and 12-24 GeV/c) display a distinct shift in the value of the
cross section for the variations relative to the ‘central’ cut. This trend is studied
in more detail in the following subsections.

1-2 GeV/c pT bin

One issue for the 1-2 bin particular is the large variation in efficiency (70%)
covered with the current range set. Figure 3.21 shows the prompt Λ+

c efficiencies
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Figure 3.20: Ratio of Λ+
c cross section for the different topological cuts (with

range up to 25% change of cut parameters).

where the cut variation is limited to 5%. Reducing the % change in cut variation
from 25% to 5% still results in a reasonable variation of 20% in efficiency. This
also reduces the effect of a drop in significance that occurs after a cut variation
of 10% tighter than the standard value.

12-24 GeV/c pT bin

In a cut study for the 12-24 GeV/c pT bin, it was found applying a tighter
standard cut on the pT of the pion daughter increased the significance of the fit
to above 3σ which systematically reduced the raw yield extracted in the previous
cut variations. With this offset on the cut applied, when plotting the Λ+

c cross
sections from the different variations relative to cross section from the ‘central’ cut
(Figure 3.23), the variations are no longer systematically offset from the central
cross section in the 12-24 GeV/c bin.
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Figure 3.21: Ratio of prompt Λ+
c efficiencies for the different topological cuts

(with range up to 5% change of cut parameters) for the study of the 1-2 GeV/c
bin.
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Figure 3.22: Ratio of Λ+
c cross section for the different topological cuts (with

range up to 5% change of cut parameters) for the study of the 1-2 GeV/c bin.
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Figure 3.23: Ratio of Λ+
c cross section for the different topological cuts after

applying the offset on the cut applied to the pT of the pion daughter for the
study of the 12-24 GeV/c bin.
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3.8.3 PID

This analysis used the Bayesian approach with the maximum probability crite-
ria for the PID. To estimate the systematic uncertainty due to PID, a varying
probability threshold cut was placed on the three decay species (p,K,π) using the
values in Table 3.5.

Prob. Threshold Proton Kaon Pion

30 30 30
40 40 40
50 50 50
60 60 60
70 70 70
80 80 80

Table 3.5: Probability thresholds used.

Figure 3.24 shows the efficiencies for each of the different PID thresholds
relative to the efficiency corresponding to the maximum probability criteria. As
can be seen in Figure 3.24, when the probability thresholds are high (50-80%) the
efficiences fall as a function of pT and relative to the maximum probability criteria,
and the opposite is true for low thresholds (30-40%). The corresponding Λ+

c cross
sections for each PID threshold variation are shown relative to the ‘central’ cross
section in Figure 3.25. A large variation seen in the cross section for the 12-24
GeV/c bin is taken to be due to low significance in the corresponding invariant
mass distribution for that variation, and therefore is ignored when estimating a
flat uncertainty. The average of the RMS/mean values for the remaining pT bins
gave a flat uncertainty of 5%.
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Figure 3.24: Ratio of prompt Λ+
c PID efficiencies for the different probability

thresholds relative to the maximum probility criteria.
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Figure 3.25: Variation of the Λ+
c cross section for the different PID probability

thresholds relative to the maximum probility criteria.
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3.8.4 MC pT shape

Λ+
c generated in MC productions are generated with a certain pT shape, given

in PYTHIA. A discrepancy between the shape generated and the true shape of
Λ+

c pT shape will produce a systematic error in the calculated efficiences. To
estimate this, the efficiency is calculated with the weights determined from differ-
ent pT hypotheses as predicted in FONLL. The weight used for comparison was
w5LHC18a4a2 (pT shape of D Meson spectra in the same dataset). In Figure
3.26, efficiencies corresponding to different pT shapes are plotted relative to the
efficiency corresponding to the Λ+

c pT shape used in this analysis. The variation
between the D meson and Λ+

c pT shapes is neglible with the exception of the 1-2
GeV/c bin with a variation of about 2%.

1

1

1

1

0

Ratio of prompt efficiencies relative to central cut

R
at

io
 o

f p
ro

m
pt

 e
ffi

ci
en

ci
es

pT

Figure 3.26: Ratio of prompt Λ+
c efficiencies for the different MC shapes.

The statistical uncertainty was estimated by the variation between the Λ+
c pT

shape (Central) and the D meson pT shape (w5LHC18a4a2).
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3.8.5 Feed-down

The contribution to the uncertainties coming from the subtraction of Λ+
c baryons

from Λ0
b was calculated as the envelope of the uncertainty bands obtained by

varying the pT-differential cross section of beauty hadrons within the FONLL ,
and the envelope of the variations of the Λ0

b fragmentation parameterisations.
This is explained in detail in Section 3.7.
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3.8.6 Tracking

Track selection variation

The Λ+
c raw yields, efficiency and corrected yields were evaluated with four dif-

ferent sets of track cuts selection. Each variation was compared to the standard
value.

1. pT dependent cut: number of TPC crossed rows > 120 - (5/pT)

2. number of TPC clusters > 0.65 × number of TPC crossed rows

3. number of clusters with TPC dE/dx signal > 0.5 × number of TPC crossed
rows

4. ratio of crossed rows over findable clusters in the TPC > 0.9

Matching efficiency

The values for the matching efficiency were previously determined as part of a
previous D meson measurement. The systematics from both the track selection
variation and matching efficiency were combined taking into account the decay
kinematics of the Λ+

c to give the values shown in Figure 3.27.
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Figure 3.27: Combined tracking uncertainties vs pT.
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3.8.7 Summary

The total systematic uncertainties are summarized in Table 3.6, and include:

• Yield extraction: ranged 6-16%

• Cut efficiency: ranged 3-20%

• PID efficiency: considered flat at 5%

• Tracking: 5 to 7%

• MC pT Shape: ranged 0-2%

• Feed-down: asymmetric, from around 1-4%
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Table 3.6: Summary of the systematic uncertainties assigned to each source.
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4.2 Introduction

The following sections outline the measurement of the Λ+
c baryon in p-Pb collisions

via the decay channel Λ+
c → pK−π+. The event and track selection is described in

Section 4.3. The PID and topological selection strategy is described in Section 4.4.
The signal extraction is described in Section 4.5. The efficiency and acceptance
corrections are described in Section 4.6. The systematic uncertainty sources and
the methods used to estimate them are described in Section 4.7. The motivations
for this measurement and details about the Λ+

c → pK−π+ have been previously
discussed in Sections 3.2 and 3.3, respectively.

4.3 Data samples, Event and Track selection

4.3.1 Data samples

The presented Λ+
c analysis is performed using p-Pb collisions at

√
sNN = 5.02

TeV data, recorded in 2016 composed of minimum bias events. Where the main
trigger detectors are the SPD and V0 scintillator arrays. The minimum bias
trigger selects all events with at least one hit in the SPD or in one of the two V0
counters, in coincidence with the signals from the beam pickup detectors.

Two Monte Carlo productions were used to compute the efficiencies and ac-
ceptance corrections. They were made with a combination of HIJING for the
background events and PYTHIA for events enriched by charm or beauty pairs
forced to decay into either Λ+

c → pK−π+ or Λ+
c → pK0

S.

4.3.2 Event selection

For the Event selection, any event passing the minimum bias trigger and physics
selection were included. The primary vertex was required to be reconstructed
with only tracks within 10 cm in the z direction from the interaction point. The
reconstructed ITS and ITS+TPC vertices are required to be closer than 5 mm.
Events with more than one interaction (pile-up) were removed.

4.3.3 Track selection

For a track to be included in the reconstruction of the secondary vertices of Λ+
c

they were selected by requiring the conditions stated in Table 4.1:
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Parameter choice

n. of TPC clusters ≥ 70
TPCrefit true
n. of ITS clusters ≥ 2
ITSrefit true
|η| < 0.8
pT > 0.4 GeV/c

Table 4.1: The track selection applied in this analysis.

4.3.4 Lego train Information and AliRoot Code Used

After event selection, the data sample is composed of 600 million minimum bias
events. The MC simulations used for the efficiency corrections and tuning cut
parameters is composed of 85 million minimum bias events. The code used to
obtain the results in this analysis is available publicly at [1].
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4.4 Particle identification and topological selec-

tion

4.4.1 Topological selection

For each reconstructed candidate, several cut variables are calculated based on
primary and secondary vertex positions as well as the kinematics of the decay
product tracks. These cut variables have been discussed previously in Section
3.5.1.

4.4.2 Particle identification

Particle identification of protons, pions and kaons, from which the Λ+
c candidates

are reconstructed, is based on information on the specific ionisation, dE/dx in the
TPC gas as well as the time-of-flight measurement from the TOF detector. TOF
measurements help to identify particles where the TPC is no longer able to, such
as at 0.6 GeV/c and 1.2 GeV/c where the kaon bands merges with the pion and
proton bands, respectively for TPC PID. However TOF measurements are not
always available because tracks present in the TPC may not reach the TOF. A
Bayesian approach of particle identification has been developed by ALICE [2] and
is used in this analysis. In this analysis tracks are assigned the identity of the par-
ticle species with the highest posteriori probability (conditional probability given
the PID measurement and prior knowledge of the expected particle abundances),
the so-called ‘maximum probability criterion’. The Bayesian approach was cho-
sen over the nσ approach, since although it can result in a smaller efficiency,
this approach gives a higher chance of correctly identifying a track, thus allowing
for a higher purity in the sample of tracks passing the PID selection. This was
previously shown to be the optimal approach for the Λ+

c → pK−π+ analysis [2].

4.5 Signal extraction

In this section, the signal extraction results for the Λ+
c → pK−π+ in p-Pb data

will be shown for the six momentum bins: 2-3, 3-4, 4-6, 6-8, 8-12, 12-24 GeV/c.
The value for the signal (raw yield) are taken from the invariant mass plots of
candidates containing p,K and π tracks, as described in equation 3.1. The fit
function to reproduce these distributions is the combination of a Gaussian for the
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Λ+
c peak and a second order polynomial for the background. The fit is performed

in two steps: The first estimates the background function parameters using the
side bands; the second repeats this including the signal range, fitting the signal,
leading to a final estimation of all fit parameters. The number of signal events
are extracted by subtracting the background function from the total fit in the
signal range within 3 standard deviations.

A topological cut study was performed using the cut variables listed in Section
3.5.1. The main method for this was the use of several rectangular cut optimisa-
tion techniques from the Toolkit for Multivariate Data Analysis (TMVA) software
package [3]. The two techniques were:

• Genetic Algorithm: In the first step, a group of individuals with ran-
domised cut parameters values are generated. They are evaluated in terms
of background rejection at specific signal efficiencies. Individuals with cut
parameter values that produce a improvement in background rejection are
stored. Individuals with good performance form the basis for the next gen-
eration of individuals that are produced by crossover (cut parameter values
mixed into different combinations) and then mutation (some parameter val-
ues are changed randomly following a Gaussian distribution). This process
is repeated until the improvement has fallen below a given value resulting
an optimal set of cuts.

• Simulated Annealing: A well known minimisation problem solver, deal-
ing with finding global minima even when local minima are present. Anal-
ogous to the heating and cooling of metal, with infinitesimal changes to
temperature, this ultimately leads to the system finding its global energy
minimum. The probability of the system recovering out of a local minima
is given by Eq 4.1.

p(∆E) ∝ e(−∆E
T

) (4.1)

Where ∆E is the energy shift required and T is the temperature of the
system. By allowing changes to cut parameters values that may initially re-
duce performance but increases access to more optimal solutions, simulated
annealing can consistently provide the most optimal solutions.

Figure 4.1 shows the significance, signal/background ratio, peak mean and
peak width for different topological cuts and the Monte Carlo simulation. As
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Figure 4.1: Top left: Comparison of significance, Top right: Comparison of
the signal to background ratio, Bottom left: Comparison of peak mean with
MC, Bottom right: Comparison of peak width with MC. Default and FSmart
refers to how TMVA samples its cuts and the suffix ‘wDL’ corresponds to where
the normalised decay length in the XY plane is used as an extra cut variable.

shown in Figure 4.1, several trials of cuts were done using different options avail-
able in the TMVA as well testing the effect of adding the normalised decay length
in the XY plane as an extra cut variable. Despite these optimised cuts improving
the signal to background ratio, they did not allow for a significant improvement in
the significance which defines the statistical uncertainty of the signal extraction.
For this reason, ‘loose’ cuts (shown in Table 4.2 and) defined at the creation of
the analysis dataset, referred to as ‘production cuts’, were chosen as the cuts for
this analysis as they performed comparatively well in all pT bins and the cuts
were by definition constant with pT.

Figure 4.2 shows the fitted invariant mass distributions in the pT bins con-
sidered for this analysis. In Figure 4.2, it can be seen that we get good signal
extraction in the pT range 2-24 GeV/c. This includes the new 12-24 GeV/c bin,
extending the pT range with respect to Run 1.
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pT, Λ+
c pT, p pT,K pT,π DCA dist12 σv dlength Cosθp

2 < pT < 3 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
3 < pT < 4 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
4 < pT < 6 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
6 < pT < 8 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
8 < pT < 12 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0
12 < pT < 24 >0.5 >0.4 >0.4 <0.05 >0.01 <0.06 >0.005 >0

(GeV/c) (GeV/c) (GeV/c) (GeV/c) (cm) (cm) (cm) (cm)

Table 4.2: Corresponding cut parameter values for production cuts
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Figure 4.2: Invariant mass plots in each pT bin for productions cuts.
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4.6 Corrections to the raw yield

4.6.1 Efficiency and Acceptance correction

In order to obtain true productions yields of Λ+
c , corrections are made to the

raw yields extracted from the invariant mass spectra. The product of acceptance
and efficiency corrections Acc× ε is determined in each pT bin using Monte Carlo
simulated p-Pb events. The efficiency of each intermediate Λ+

c → pK−π+ resonant
decay is different due the different kinematic properties, requiring the efficiency
and acceptance to be determined individually for each decay. Both Pythia 6 and
Pythia 8 are used to simulate the pp events, and Geant3 is used to simulate the
detector response.

The Λ+
c efficiency is calculated in 8 stages:

• MC particles in acceptance

• Vertex (event selection)

• Refit (number of hits in ITS and TPC detectors)

• Reconstructed candidates

• Reconstructed candidates in acceptance

• Passing minimum no. of ITS clusters

• Topological cuts

• PID

Figure 4.3 shows the prompt and non-prompt efficiencies of the Λ+
c which

are given for the four different decay channels as well as the overall efficiency
multiplied by the acceptance (shown separately in Figure 4.4). The efficiency is
greater in general for non-prompt due to its displaced secondary vertex.

The acceptance factor is necessary to normalise the yield to the rapidity win-
dow, |y| < 0.5 where the cross section is essentially flat. This is calculated using
a toy Monte Carlo, as the acceptance is a purely geometric effect.
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4.6.2 Feed-down correction

To extract the raw yield NΛ+
c

raw,prompt corresponding to only prompt Λ+
c , the con-

tribution of feed-down NΛ0
b→Λ+

c +X
raw from Λ0

b → Λ+
c + X decays is subtracted from

the measured raw yield, NΛ+
c

raw:

NΛ+
c

raw,prompt = NΛ+
c

raw −N
Λ0

b→Λ+
c +X

raw (4.2)

,

NΛ+
c

raw,prompt = NΛ+
c

raw · (1−
N

Λ0
b→Λ+

c +X
raw

NΛ+
c

raw

) = NΛ+
c

raw · fprompt (4.3)

, where fprompt is the relative fraction of Λ+
c not from the Λ0

b → Λ+
c + X decay.

The method chosen to calculate the feed-down, referred to as the Nb method,
uses the production cross section of Λ0

b calculated within FONLL multiplied by
branching ratio to the decay channel Λ0

b → Λ+
c + X, the correction factors for the

acceptance and reconstruction efficiency εΛ0
b→Λ+

c +X of non-prompt Λ+
c , and the

integrated Luminosity, Lint.

fprompt = 1− 1

NΛ+
c

raw

· Lint ·BRb · εΛ0
b→Λ+

c +X

∫
∆y∆pT

dσ
Λ0

b
FONLL

dydpT

∆y∆pT (4.4)

.
Figure 4.5 shows the prompt fraction, fprompt determined using the method

described in Section 3.7.2.
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Figure 4.5: fprompt for the Λ+
c → pK−π+ analysis after an update with

respect to data in PDG 2020.

4.7 Systematic uncertainties

This Section summarizes the steps taken into account to determine the systematic
errors present in the analysis.

4.7.1 Signal extraction

The systematic uncertainty on the extraction of the raw yield can be estimated
by varying the various fitting and histogram parameters from the default used in
the central cross section calculation. This is done in a loop, and the following fit
and histogram parameters are changed from the default (defined in bold below):

• The function used to fit background. Four functions were used an exponen-
tial, linear, 2nd order polynomial and a 3rd order polynomial.

• The mass window. Five upper limits were chosen (2.40, 2.39, 2.38, 2.37
and 2.36 GeV/c) and five lower limits were chosen(2.17, 2.18, 2.19, 2.20,
2.21 GeV).

• Three rebin steps: 2, 4 and 6 GeV/c.

• Four combinations of either free or fixed standard deviation and free or fixed
mean. The default was fixed sigma and free mean. The standard deviation
values are fixed to values in the Monte Carlo.
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For the pT intervals from 2 < pT < 8 GeV/c it was found that the exponential
and linear fit functions for the background did not describe the background well
and thus lead to a very high χ2/NDF for the overall fit. For this reason these
fit functions were discarded from the trials. In total, 600 trials were performed
for the pT intervals 2 < pT < 3 GeV/c, 3 < pT < 4 GeV/c, 4 < pT < 6 GeV/c

and 6 < pT < 8 GeV/c, and 1200 trials for 8 < pT < 12 GeV/c and 12 < pT <

24 GeV/c.
In all cases, it was found that almost all trials have a reasonable χ2/NDF

around 1, and that the peak width when leaving the width as a free parameter
of the fit is in reasonable agreement with the MC expectation. A systematic
uncertainty of the RMS of the distribution divided by the mean of the distribution
in each pT interval is assigned, ranging from 3−10% depending on the pT interval.

Systematics for split 4-5 and 5-6 GeV/c bins

For the splitting of the 4-6 GeV/c bin, the same raw yield variation study was
extended to the 4-5 GeV/c and 5-6 GeV/c bins A systematic uncertainty of 6%
and 9% was assigned, respectively.
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4.7.2 Topological selection

The production cuts (which were the loosest possible) had been chosen as a result
of the cut optimisation investigation. Due to this, the usual method of varying
the cuts to be both tighter and looser than the central cut could only be done for
tighter variations.

Ratio of prompt efficiencies relative to central cut
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Figure 4.6: Ratio of prompt Λ+
c efficiencies for the different topological cuts.
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Cuts 15%
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Figure 4.7: Ratio of Λ+
c cross section for the different topological cuts. Note

that only the four loosest cuts where considered here as they covered up to 40%
change in the efficiency.

Figure 4.6 shows the ratio of the prompt Λ+
c efficiencies for each topological

variation relative to the central prompt Λ+
c efficiency and Figure 4.7 shows the

ratio of the Λ+
c cross sections for each topological variation relative to the central

cross section. It can be seen that in the 2-3 and 6-8 GeV/c bins that there is
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an apparent shift with respect to the central cross section. After a cut variation
study, where the cut parameters were varied individually, it was decided to set
the uncertainty on the 2-3 GeV/c bin to 10% . This is based on the value of the
RMS divided by the central value from Figure 4.8. The cut parameter driving
the trend appears to be the pKT shown in Figure 4.9. An average value of 6% was
assigned for bins 3-24 GeV/c to keep the systematic smooth with pT.
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Figure 4.8: Distribution of the corrected yield for all 8 cut parameters varied
up to a 40% difference in efficiency in 5% intervals for 2< pT <3 GeV/c.
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Figure 4.9: Variation of Λ+
c corrected yield with tighter cuts on the transverse

momentum of the Kaon. Indicated in the figure on the right is the RMS/mean
of the distribution and RMS divided by the ‘central’ cross section, given in a

percentage of the overall corrected yield.
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Systematics for split 4-5 and 5-6 GeV/c bins

The systematic variation of the split bins was determined to be lower than the
flat 6% uncertainty that had been assigned previously for the 3-24 GeV/c bins.
The flat 6% uncertainty will also be applied to these bins.
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4.7.3 PID

This analysis used the Bayesian approach with the maximum probability crite-
ria for the PID. To estimate the systematic uncertainty due to PID, a varying
probability threshold cut was placed on the three decay species (p,K,π) using the
values in Table 4.3.

Prob. Threshold Proton Kaon Pion

30 30 30
40 40 40
50 50 50
60 60 60
70 70 70
80 80 80

Table 4.3: Probability thresholds used.

Figure 4.10 shows the efficiencies for each of the different PID thresholds
relative to the efficiency corresponding to the maximum probability criteria. As
can be seen in Figure 4.10, when the probability thresholds are high (50-80%) the
efficiences fall as a function of pT relative to the maximum probability criteria,
and the opposite is true for low thresholds (30-40%). The corresponding Λ+

c

cross sections for each PID threshold variation are shown relative to the ‘central’
cross section in Figure 4.11. A large variation seen in the cross section for the
12-24 GeV/c bin is due to low significance in the corresponding invariant mass
distribution for that variation, and therefore is ignored when estimating a flat
uncertainty. The average of the RMS/mean values for the remaining pT bins
gave a flat uncertainty of 5%.

Systematics for split 4-5 and 5-6 GeV/c bins

The systematic variation of the split bins is lower or similar to the flat 5% sys-
tematic uncertainty previously assigned for the 4-6 GeV/c pT bin. The 5% un-
ceratainty is also applied to these bins.
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Figure 4.10: Ratio of prompt Λ+
c PID efficiencies for the different probability
thresholds.
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4.7.4 MC pT shape

Λ+
c generated in MC productions are generated with a certain pT shape, given in

PYTHIA. A discrepancy between the shape generated and the true shape of Λ+
c pT

shape will produce a systematic error in the calculated efficiences. To estimate
this, the efficiency is calculated with the weights determined from different pT

hypotheses as predicted in FONLL. The two weights used are the generated Λ+
c

pT shape in MC production LHC13d3 divided by the pT shape of D mesons
in FONLL, and a flat pT. Note that LHC13d3 is a Monte Carlo production
anchored to Run 1 p-Pb collisions at

√
sNN = 5.02 TeV, but since the weights are

determined purely from generator-level information, and this analysis is at the
same collision energy and in the same acceptance region, the generated Λ+

c pT

shape is identical in the Monte Carlo production used for the efficiency correction
in this analysis, and thus the weights from the run 1 analysis can be used in this
analysis.
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Figure 4.12: Ratio of prompt Λ+
c efficiencies for the different MC shapes.

Figure 4.12 shows the ratio of these efficiencies calculated using both weights.
The variation between the default pT shape vs the weighted pT shape is minimal,
and changes up to 1%. Even in the extreme case of the flat pT shape, the variation
was never larger than 3%. The variation between 5LHC13d3Lc and the default
case was selected as the final systematic uncertainty, and is chosen to be 1% over
all pT.
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Systematics for split 4-5 and 5-6 GeV/c bins

The systematic uncertainties shown in Figure 4.13 for the split bins are in agree-
ment with the 1% uncertainty that had been previously assigned for the 4-6
GeV/c bin.
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Figure 4.13: Ratio of prompt Λ+
c efficiencies for the different MC shapes.
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4.7.5 Feed-down

The contribution to the uncertainties coming from the subtraction of Λ+
c baryons

from Λ0
b was calculated taking into account the uncertainties in FONLL and the

fragmentation fraction.
The method to calculate the feed-down fraction has been updated since the

previous measurement of the Λ0
b, which used a fragmentation fraction determined

from e+e− collisions, and included a factor of two in the uncertainty to account
for measurements of Λ0

b production in pp collisions. At that time, fragmenta-
tion fractions of beauty hadrons had not been measured at the LHC, but we
now take advantage of the recent LHCb measurements [4, 5] to parameterise Λ0

b

fragmentation in pp collisions. The b → Λ0
b fragmentation was derived from the

LHCb measurements of Λ0
b-production fraction relative to B0 and B− mesons in

pp collisions at
√
s = 13 TeV [4], which indicates that the fraction of b quarks

hadronising into a Λ0
b baryon is strongly pT-dependent in the measured range of

4 < pT < 25 GeV/c. The method is described in more detail in Section 3.7.2.
The relative fraction of Λ+

c (also named fprompt) is given in Figure 4.14. The
green band indicates the full uncertainty, which takes into account the uncertain-
ties on both FONLL and fragmentation fraction. The uncertainties range from
+1.1,−1.5% at low pT to +1.8,−2.7% at high pT.
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Figure 4.14: Relative fraction of Λ+
c estimated to be present in the the raw

yield using Nb method. the ‘Central’ points are the values calculated using the
Run 1 method, the boxes show the uncertainties of the new method including
or not including the uncertainties from FONLL and the fragmentation fraction.
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4.7.6 Tracking

Track selection variation

The Λ+
c raw yields, efficiency and corrected yields were evaluated with four differ-

ent sets of track selections. Each variation was compared to the standard value.

1. pT dependent cut: number of TPC crossed rows > 120 - (5/pT)

2. number of TPC clusters > 0.65 × number of TPC crossed rows

3. number of clusters with TPC dE/dx signal > 0.5 × number of TPC crossed
rows

4. ratio of crossed rows over findable clusters in the TPC > 0.9

Matching efficiency

The values for the matching efficiency were previously determined as part of a
previous D meson measurement. The systematics from both the track selection
variation and matching efficiency were combined taking into account the decay
kinematics of the Λ+

c to give the values shown in Figure 4.15.
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4.7.7 Summary

The total systematic uncertainties are summarized in Table 4.4, and include:

• Yield extraction: ranged 3-10%

• Cut efficiency: ranged 1-15%

• PID efficiency: considered flat at 5%

• Tracking: flat at 6%

• MC pT Shape: ranged 0-1%

• Feed-down: asymmetric
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5.2 Abstract

The production cross section of prompt Λ+
c charm baryons was measured with the

ALICE detector at the LHC at midrapidity in proton-proton (pp) and proton-
lead (p–Pb) collisions at a centre-of-mass energy per nucleon pair of

√
sNN =

5.02 TeV. The Λ+
c and Λ−c baryons were reconstructed in the hadronic decay

channels Λ+
c → pK−π+ and Λ+

c → pK0
S and respective charge conjugates. The

measured differential cross sections as a function of transverse momentum (pT)
and the pT-integrated Λ+

c production cross section in pp and in p–Pb collisions are
presented. The Λ+

c nuclear modification factor (RpPb), calculated from the cross
sections in pp and in p–Pb collisions, is presented and compared with the RpPb

of D mesons. The Λ+
c /D

0 ratio is also presented and compared with the light-
flavour baryon-to-meson ratios p/π and Λ/K0

S, and measurements from other LHC
experiments. The results are compared to predictions from model calculations and
Monte Carlo event generators.

5.3 Introduction

In hadronic collisions, heavy quarks (charm and beauty) are created predomi-
nantly in hard scattering processes, and therefore the measurement of charm and
beauty hadron production is a powerful test of perturbative quantum chromo-
dynamics (pQCD) calculations. Theoretical predictions based on the QCD fac-
torisation approach describe the heavy-flavour hadron production cross section as
a convolution of parton distribution functions, parton hard-scattering cross sec-
tions, and fragmentation functions. The measurements of D- and B-meson pro-
duction cross sections in pp collisions at centre-of-mass energies between 200 GeV
and 13 TeV at RHIC [2], Tevatron [3, 4, 5], and the LHC [6, 7, 8, 9, 10] are gener-
ally described within uncertainties by perturbative calculations at next-to-leading
order with next-to-leading-log resummation, such as the general-mass variable-
flavour-number scheme (GM-VFNS [11, 12]) and fixed-order next-to-leading-log
(FONLL [13, 14]), over a wide range of transverse momentum (pT).

The measurement of the relative production of different heavy-flavour hadron
species is also sensitive to the charm- and beauty-quark fragmentation and heavy-
flavour hadron formation processes. In particular, measurements of the Λ+

c pro-
duction cross section relative to D mesons provide insight into the hadronisation
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of charm quarks into baryons. A measurement of Λ+
c baryon production at midra-

pidity in pp collisions at
√
s = 7 TeV was reported by the ALICE Collaboration

in [15]. The Λ+
c /D

0 ratio was found to be substantially higher than previous
measurements at lower energies in electron-positron (e+e−) [16, 17, 18, 19] and
electron-proton (e−p) [20, 21, 22] collisions, challenging the assumption that the
probabilities for a charm quark to hadronise into a specific charm hadron (frag-
mentation fractions) are universal among different collision systems [23]. In ad-
dition, the Λ+

c /D
0 ratio was compared with predictions from several Monte Carlo

(MC) generators, which implement different fragmentation processes, such as the
formation of strings (PYTHIA[24, 25]), ropes (DIPSY[26, 27]), or baryonic clus-
ters (HERWIG[28]), where the fragmentation parameters for these simulations are
tuned to previous e+e− and e−p collision measurements. These predictions signif-
icantly underestimate the Λ+

c /D
0 ratio, although the prediction from PYTHIA 8

that includes additional colour reconnection mechanisms [25] shows a pT trend
that is qualitatively similar to the measured trend. The CMS Collaboration
has measured the Λ+

c /D
0 ratio in pp collisions at

√
s = 5.02 TeV [29], which is

consistent with predictions from PYTHIA 8 with additional colour reconnection
mechanisms. Λ+

c production was also measured by the LHCb Collaboration in
pp collisions at

√
s = 7 TeV at forward rapidity [30], and the Λ+

c /D
0 ratio was

found to be lower than that measured by ALICE at midrapidity [15]. Calcula-
tions of the charm-hadron production cross section based on the kT-factorisation
approach with gluon distributions obtained on the basis of novel collinear gluon
distribution functions and Peterson fragmentation functions [31] are unable to si-
multaneously describe the ALICE and LHCb measurements using the same set of
input parameters, suggesting that the measurements are difficult to explain within
the independent parton fragmentation scheme. It is also important to note here
that the magnitude of the relative production of Λ0

b baryons and beauty mesons
in pp collisions measured by LHCb [32, 33, 34] and CMS [35] offer further hints
that fragmentation fractions in the beauty sector differ between pp and e+e−/e−p

collisions.
Measurements in pp collisions also provide a necessary reference for stud-

ies in heavy-ion collisions, where the study of charm production is a powerful
tool to investigate the quark–gluon plasma (QGP)[36, 37, 38], the deconfined
state of matter created under extreme energy densities. In particular, the charm
baryon-to-meson ratio in heavy-ion collisions is sensitive to the charm hadronisa-
tion mechanisms after the QGP phase. It is expected that a significant fraction of
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low- and intermediate-momentum charm quarks hadronise via recombination (co-
alescence) with light (anti) quarks from the medium[39, 40], which would manifest
as an enhancement of the Λ+

c /D
0 ratio with respect to pp collisions. The Λ+

c /D
0

ratio has been measured by STAR [41] in Au–Au collisions at
√
sNN = 200 GeV,

and by ALICE [42] and CMS [29] in Pb–Pb collisions at
√
sNN = 5.02 TeV. These

measurements offer constraints to different model calculations which implement
contributions to hadronisation via quark recombination [43, 44, 45, 46].

The interpretation of the results obtained in heavy-ion collisions also requires
detailed studies in p–Pb collisions in order to assess so-called cold nuclear matter
(CNM) effects in the initial and final states, which could modify the production
of heavy-flavour hadrons. In the initial state, the quark and gluon distributions
are modified in bound nucleons compared to free nucleons, depending on the frac-
tional longitudinal parton momentum x and the atomic mass number [47, 48].
The most relevant CNM effect at LHC energies is shadowing, i.e. a decrease of
the parton densities in the small-x region. This effect is due to high phase-space
densities of low-x partons and can be described in collinear pQCD by means of
parametrisations of the modification of the nuclear parton distribution functions
(nPDFs) [49, 50]. In the case of saturation of the parton phase-space, the Colour
Glass Condensate (CGC) effective theory [51, 52, 53, 54, 55] offers an appropri-
ate theoretical framework to describe the modification of the nPDFs. Moreover,
partons can lose energy in the initial stages of the collisions due to initial-state ra-
diation [56], or experience transverse momentum broadening due to multiple soft
collisions before the heavy-quark pair is created in the hard scattering [57, 58,
59]. The modification of parton distributions in the nucleus and energy loss in the
initial state can affect the yields and the momentum distributions of the produced
hadrons, mainly at low momenta. In addition to initial-state effects, final-state
effects such as hadronic rescattering [60] or the possible formation of a small
QGP droplet [61, 62] can also modify the hadron yields and momentum distri-
butions. Several measurements in high-multiplicity pp and p–Pb collisions, such
as long-range correlations of charged hadrons [63, 64, 65, 66], and the enhance-
ment of baryon-to-meson ratios in the light-flavour sector (p/π and Λ/K) [67, 68,
69], exhibit a similar behaviour as that observed in Pb–Pb collisions, suggest-
ing that these findings may have similar physical origins in pp, p–A, and A–A
collisions [70]. Λ+

c production was previously measured at midrapidity by AL-
ICE in p–Pb collisions at

√
sNN = 5.02 TeV [15]. The Λ+

c /D
0 ratio was found

to be compatible within the uncertainties with that measured in pp collisions at
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√
s = 7 TeV. The nuclear modification factor, RpPb, was found to be compatible

with unity, as well as with models that implement cold nuclear matter effects via
nPDF calculations [71] or assume the production of a deconfined medium in p–Pb
collisions [61]. The LHCb Collaboration has measured the Λ+

c /D
0 ratio at forward

rapidity in p–Pb collisions at
√
sNN = 5.02 TeV [72] to be larger than that in pp

collisions at forward rapidity [30] but smaller than the ALICE measurements in
pp and p–Pb collisions at midrapidity [15].

Recent attempts have been made to model charm-baryon production in pp

and p–Pb collisions. A framework based on a statistical hadronisation model [73],
which takes into account an increased set of charm-baryon states beyond those
listed by the Particle Data Group (PDG), is able to reproduce the Λ+

c /D
0 ratios

measured by ALICE in the pp and p–Pb collision systems, although it overesti-
mates the LHCb measurement in pp collisions. A model implementing hadroni-
sation via recombination [74, 75], where the pT distributions of light and charm
quarks and antiquarks are inputs of the model and the relative production of
single-charm baryons to single-charm mesons is treated as a free parameter, is
able to reproduce the pT dependence of the Λ+

c /D
0 ratio measured by ALICE

at central rapidity in pp and p–Pb collisions, and by LHCb at forward rapid-
ity in p–Pb collisions. While models implementing different approaches to Λ+

c

production are effective in describing the measured Λ+
c /D

0 ratio and RpPb, the
large statistical and systematic uncertainties of the current measurements do
not provide the discriminating power needed to differentiate between the various
models. Therefore, more precise measurements are crucial in order to constrain
predictions.

This paper presents the measurement of the pT-differential production cross
section of charm Λ+

c baryons in pp collisions in the rapidity interval |y| < 0.5 and
in p–Pb collisions in −0.96 < y < 0.04 at

√
sNN = 5.02 TeV, performed with the

ALICE detector at the LHC. The rapidity y here and throughout this paper is
defined in the centre-of-mass system, and in p–Pb collisions the rapidity sign is
positive in the p-going direction. The ratio of the production cross sections of
Λ+

c baryons and D0 mesons, Λ+
c /D

0, and the nuclear modification factor RpPb are
also presented. Finally, the Λ+

c production cross section per unit of rapidity at
midrapidity is computed by integrating the pT-differential Λ+

c production cross
section after extrapolating down to pT = 0, and the pT-integrated Λ+

c /D
0 ratios

are presented. Two hadronic decay channels of Λ+
c were studied: Λ+

c → pK−π+

and Λ+
c → pK0

S. Different analysis strategies were implemented, taking advantage
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of the methods used in previous analyses for the hadronic decays of D mesons [76,
77, 78, 79, 80, 81] and Λ+

c baryons [15]. With respect to our previous measurement
of Λ+

c production [15], the pT reach was extended, the overall uncertainties of the
measurements were reduced, and the analysis was performed in finer pT intervals.
The precision of the measurement of the nuclear modification factor RpPb was
improved with respect to the previously published result thanks to the larger data
samples as well as a pp reference measured at the same centre-of-mass energy.

The measurements are performed as the average of the particle and antiparti-
cle cross sections, and so both Λ+

c and Λ−c baryons are referred to collectively as
Λ+

c in the following. In all measurements the production cross section of prompt
Λ+

c is reported, i.e. Λ+
c from direct hadronisation of a charm quark or from decays

of directly produced excited charm states. For the centre-of-mass energy of pp

collisions the simplified notation
√
s is used throughout this paper.

It is noted that the Λ+
c /D

0 baryon-to-meson ratio is the focus of a dedicated
letter [82], and this document presents a more detailed description of the analysis
procedure as well as supplementary results.

5.4 Experimental setup and data samples

The ALICE apparatus is composed of a central barrel, consisting of a set of detec-
tors for particle reconstruction and identification covering the midrapidity region,
a muon spectrometer at forward rapidity and various forward and backward de-
tectors for triggering and event characterisation. The central barrel detectors
cover the full azimuth in the pseudorapidity interval |η| < 0.9 and are embedded
in a large solenoidal magnet that provides a B = 0.5 T field parallel to the beam
direction (z-axis in the ALICE reference frame). A comprehensive description and
overview of the typical performance of the detectors in pp and p–Pb collisions
can be found in [83, 84].

The tracking and particle identification capabilities of the ALICE central bar-
rel detectors were exploited to reconstruct the Λ+

c decay products at midrapidity.
The Inner Tracking System (ITS), consisting of three subdetectors, the Silicon
Pixel Detector (SPD), the Silicon Drift Detector (SDD), and the Silicon Strip
Detector (SSD), each made of two concentric layers, allows for a precise determi-
nation of the track impact parameter (the distance of closest approach between
the track and the primary vertex of the collision) in the transverse plane with
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a resolution better than 75µm for tracks with pT > 1 GeV/c [85]. The Time
Projection Chamber (TPC) is the main tracking detector of the experiment [86].
It provides up to 159 space points to reconstruct the charged-particle trajectory,
and provides charged-particle identification (PID) via the measurement of the
specific energy loss dE/dx. The particle identification capabilities are extended
by the Time-of-Flight (TOF) detector, which is used to measure the flight time
of charged particles from the interaction point. The TOF detector is an array
of Multi-gap Resistive Plate Chambers. It measures the particle arrival time at
the detector with a resolution of about 80 ps. The start time of the collision
is obtained for each event either using the TOF detector, the T0 detector, or a
combination of the two [87]. The T0 detector consists of two arrays of Cherenkov
counters, located on both sides of the interaction point, covering the pseudo-
rapidity regions 4.61 < η < 4.92 and −3.28 < η < −2.97, respectively. The time
resolution of the T0 detector in pp and p–Pb collisions is about 50 ps for events in
which a measurement is made on both sides of the interaction point [87]. The V0
detector system, used for triggering and event selection, consists of two scintillator
arrays covering the full azimuth in the pseudorapidity intervals 2.8 < η < 5.1 and
−3.7 < η < −1.7 ([83], Section 5.1). The Zero Degree Calorimeter (ZDC), used
for offline event rejection in p–Pb collisions, consists of two sets of neutron and
proton calorimeters positioned along the beam axis on both sides of the ALICE
apparatus, about 110 m from the interaction point ([83], Section 5.4).

The results presented in this paper were obtained from the analysis of the
LHC Run 2 data samples collected from pp collisions at

√
s = 5.02 TeV in

2017 and p–Pb collisions at
√
sNN = 5.02 TeV in 2016. The proton–nucleon

centre-of-mass system in p–Pb collisions is shifted in rapidity by ∆y = 0.465 in
the Pb-going direction (negative rapidity) due to the asymmetric beam energies
of 4TeV for protons and 1.59TeV per nucleon for Pb nuclei. The analyses used
events recorded with a minimum bias (MB) trigger, which was based on coincident
signals from the V0 detectors in both pp and p–Pb collisions. In order to remove
background from beam–gas collisions and other machine-induced backgrounds,
in pp collisions the events were further selected offline based on the correlation
between the numbers of clusters and track segments reconstructed in the SPD,
and V0 timing information. The latter was also used for the p–Pb analysis,
together with the timing from the ZDC. In order to maintain a uniform ITS
acceptance in pseudorapidity, only events with a z-coordinate of the reconstructed
vertex position within 10 cm from the nominal interaction point were analysed.
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Events with multiple interaction vertices due to pileup from several collisions
were removed using an algorithm based on tracks reconstructed with the TPC
and ITS detectors [84]. Using these selection criteria, approximately one billion
MB-triggered pp events were analysed, corresponding to an integrated luminosity
of Lint = 19.5 nb−1(±2.1% [88]), while approximately 600 million MB-triggered
p–Pb events were selected, corresponding to Lint = 287 µb−1 (±3.7% [89]).

5.5 Λ+
c analysis overview and methods

The analysis was performed using similar techniques to those reported in [15].
Λ+

c baryons were reconstructed in two hadronic decay channels: Λ+
c → pK−π+

(branching ratio, BR = 6.28 ± 0.33%), and Λ+
c → pK0

S (BR = 1.59 ± 0.08%),
followed by the subsequent decay K0

S → π+π− (BR = 69.2 ± 0.05%) [90]. For
the former, the Λ+

c decays to the pK−π+ final state via four channels: Λ+
c →

pK
∗0

(892), Λ+
c → ∆++(1232)K−, Λ+

c → Λ(1520)π+, and the non-resonant Λ+
c →

pK−π+ decay. As these channels are indistinguishable in the analysis, all four are
considered together.

The selection of candidates was performed using a combination of kinematical,
geometrical, and PID selections. The selection criteria were tuned on Monte
Carlo simulations in order to maximise the statistical significance in each pT

interval. Λ+
c candidates were reconstructed by combining reconstructed tracks

with |η| < 0.8 and at least 70 reconstructed space points in the TPC. For all
decay products in the Λ+

c → pK−π+ analysis and for the proton-candidate tracks
in the Λ+

c → pK0
S analysis, at least one cluster was required in either of the

two SPD layers. The PID selections for all analyses were performed utilising
the Bayesian method for combining the TPC and TOF signals, as described
in [91]. The Bayesian method entails the use of priors, an a priori probabilitiy of
measuring a given particle species, which are determined using measured particle
abundances. Where possible, the TPC and TOF signals were combined; however,
if the TOF signal was absent for a given track, the TPC signal alone was used.
For the Λ+

c → pK0
S analysis in p–Pb collisions, a machine learning approach with

Boosted Decision Trees (BDTs) was applied to select Λ+
c candidates, using the

Toolkit for Multivariate Data Analysis (TMVA) [92].
The detector acceptance for Λ+

c baryons varies as a function of rapidity, in
particular falling steeply to zero for |y| > 0.5 at low pT, and |y| > 0.8 for pT >
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5 GeV/c. For this reason, a fiducial acceptance selection was applied on the
rapidity of candidates, |ylab| < yfid(pT), where yfid increases smoothly from 0.5 to
0.8 in 0 < pT < 5 GeV/c and yfid = 0.8 for pT > 5 GeV/c [76].

For the Λ+
c → pK−π+ analysis, candidates were formed by combining triplets

of tracks with the correct configuration of charge sign. For this decay channel, the
high-resolution tracking and vertexing information provided by the ITS and TPC
allows the interaction point (primary vertex) and the reconstructed decay point of
the Λ+

c candidate (secondary vertex) to be distinguished from one another, despite
the short decay length of the Λ+

c (cτ = 60.7µm [90]). Once the secondary vertex
was computed from the three tracks forming the Λ+

c candidate, selections were
applied on variables related to the kinematic properties of the decay, the qual-
ity of the reconstructed vertex, and the displaced decay-vertex topology. These
variables comprise the transverse momenta of the decay products; the quadratic
sum of the distance of closest approach of each track to the secondary vertex; the
decay length of the Λ+

c candidate (separation between the primary and secondary
vertices); and the cosine of the pointing angle between the Λ+

c candidate flight
line (the vector that connects the primary and secondary vertices) and the re-
constructed momentum vector of the candidate. Pions, kaons, and protons were
identified using the maximum-probability Bayesian PID approach [91], where a
probability is assigned to each track for every possible species based on the TPC
and TOF signals and the identity of the track is taken to be the species with the
highest probability value. This approach allows for a higher-purity sample to be
selected, reducing the large level of combinatorial background and facilitating the
signal extraction.

The Λ+
c → pK0

S analysis started from a K0
S → π+π− candidate, which is

reconstructed as a pair of opposite-sign charged tracks forming a neutral decay
vertex displaced from the primary vertex (a V0 candidate). This V0 candidate
was paired with a proton-candidate track originating from the primary vertex to
form a Λ+

c candidate. Two strategies were then used to select Λ+
c candidates in

pp and p–Pb collisions. In pp collisions, the analysis was based on rectangular
selection criteria. The V0 candidate was required to have an invariant mass
compatible with the K0

S mass from the PDG [90] within 8 (20) MeV/c2 at low
(high) pT, corresponding to one or two times the resolution of the K0

S invariant
mass, depending on the pT interval and the collision system. The V0 candidates
were selected based on the pT and impact parameter of the decay pions to the K0

S

decay vertex, and the cosine of the pointing angle between the V0 flight line and its
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reconstructed momentum. Proton-candidate tracks were selected based on their
pT, their impact parameter to the primary vertex, the number of reconstructed
TPC clusters, and a cluster being present on at least one of the two SPD layers.
Particle identification was performed on the proton-candidate track, first using a
loose |nσ| < 3 pre-selection on the TPC response, where nσ corresponds to the
difference between the measured and expected dE/dx for a given particle species,
in units of the resolution. This was followed by a strict requirement that the
Bayesian posterior probability for the track to be a proton must be greater than
80%.

In p–Pb collisions, an approach using BDTs was used for the Λ+
c → pK0

S de-
cay. The BDT algorithm provides a classification tree that maps simulated Λ+

c

candidates to a single BDT response variable aiming to maximise the separation
between signal and background candidates. The mapping function is then ap-
plied on a real data sample in which the true identities of particles are unknown,
followed by the application of selections on the BDT response. Candidates were
initially filtered using an |nσTPC| < 3 PID selection on the proton candidate. In-
dependent BDTs were trained for each pT interval in the analysis. The training
was performed on samples of simulated events including a detailed description
of the experimental apparatus and the detector response. The training sample
for signal candidates was taken from a simulation of pp events containing charm
hadrons generated using PYTHIA 6.4.25 [93] with the Perugia2011 tune [94], em-
bedded into an underlying p–Pb collision generated with HIJING 1.36 [95]. The
background candidates were taken from the HIJING simulation. The variables
that were used in the training were the Bayesian PID probability of the proton-
candidate track to be a proton, the pT of the proton candidate, the invariant
mass and cτ of the K0

S candidate, and the impact parameters of the V0 and the
proton-candidate track with respect to the primary vertex. The MC samples used
for the efficiency calculation were different from those used in the training. The
selection on the BDT response was tuned in each pT interval to maximise the
expected statistical significance, which is estimated using i) the signal obtained
from the generated Λ+

c yield multiplied by the selection efficiency of the trained
model and ii) the background estimated from preselected data multiplied by the
background rejection factor from the BDT. The BDT analysis was cross checked
with an independent analysis using rectangular selection criteria, and the two
results were found to be fully consistent within the experimental uncertainties.
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Signal extraction for all analyses was performed by means of a fit to the
invariant mass distributions of candidates in each pT interval under study. A
Gaussian function was used to model the signal peak and an exponential function
was used to model the background. Due to the small signal-to-background ratio,
the standard deviation of the Gaussian signal function was fixed to the value
obtained from simulations in order to improve the fit stability. In pp collisions,
a Λ+

c signal could be extracted for the Λ+
c → pK−π+ and Λ+

c → pK0
S analyses in

the range 1 < pT < 12 GeV. In p–Pb collisions a Λ+
c signal was extracted for the

Λ+
c → pK0

S analysis in the range 1 < pT < 24 GeV/c, and for the Λ+
c → pK−π+

analysis in the range 2 < pT < 24 GeV/c, as the larger combinatorial background
in the Λ+

c → pK−π+ channel limits the low-pT reach. A selection of the invariant
mass distributions with their corresponding fit functions is displayed in Fig. 5.1
for different pT intervals, decay channels, and collision systems.

5.6 Corrections

The pT-differential cross section of prompt Λ+
c -baryon production was obtained

for each decay channel as

d2σΛ+
c

dpTdy
=

1

2c∆y ×∆pT

× 1

BR
×
fprompt ×NΛc

|y|<yfid

(A× ε)prompt

× 1

Lint

, (5.1)

where NΛc is the raw yield (sum of particles and antiparticles) in a given pT

interval with width ∆pT, fprompt is the fraction of the raw yield from prompt Λ+
c ,

BR is the branching ratio for the considered decay mode, and Lint is the integrated
luminosity. (A×ε) is the product of detector acceptance and efficiency for prompt
Λ+

c baryons, where ε accounts for the reconstruction of the collision vertex, the
reconstruction and selection of the tracks of the Λ+

c decay products, and the Λ+
c -

candidate selection. The correction factor for the rapidity coverage, c∆y, was
computed as the ratio between the generated Λ+

c -baryon yield in |ylab| < yfid(pT)
and that in |ylab| < 0.5, where the Λ+

c -baryon rapidity shape was taken from
FONLL pQCD calculations. The factor 2 in the denominator of Eq. 5.1 takes
into account that the raw yield includes both particles and antiparticles, while
the cross section is given for particles only and is computed as the average of
Λ+

c and Λ−c .
The correction factor (A × ε) was obtained following the same approach as

discussed in [79]. The correction factors were obtained from simulations in which
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Figure 5.1: Invariant mass distributions of Λ+
c candidates in different pT in-

tervals, collision systems, and decay channels, with the corresponding fit func-
tions. Top-left: Λ+

c → pK−π+ for 3 < pT < 4 GeV/c in pp collisions; top-right:
Λ+

c → pK0
S for 8 < pT < 12 GeV/c in pp collisions; bottom-left: Λ+

c → pK−π+

for 5 < pT < 6 GeV/c in p–Pb collisions; bottom-right: Λ+
c → pK0

S with BDT
analysis in 12 < pT < 24 GeV/c in p–Pb collisions. The dashed lines represent
the fit to the background and the solid lines represent the total fit function.

the detector and data taking conditions of the corresponding data samples were
reproduced. PYTHIA 6.4.25 and PYTHIA 8.243 [96] were used to simulate pp
collisions. For p–Pb collisions, a pp event containing heavy-flavour signals was
generated with PYTHIA 6 and HIJING was used to simulate the underlying
background event.

The (A × ε) was computed separately for prompt and non-prompt Λ+
c . The

Λ+
c → pK−π+ decay channel includes not only the direct (non-resonant) decay

mode, but also three resonant channels, as explained in Section 5.5. Due to the
kinematical properties of these decays, the acceptance and efficiency of each decay
mode is different and the final correction was determined as a weighted average
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Figure 5.2: Product of detector acceptance and efficiency for Λ+
c baryons

in pp collisions at
√
s = 5.02 TeV, as a function of pT. From left to right:

Λ+
c → pK−π+ and Λ+

c → pK0
S. The solid lines correspond to the (A × ε) for

prompt Λ+
c , while the dotted lines represent (A× ε) for Λ+

c baryons originating
from beauty-hadron decays. The statistical uncertainties are smaller than the

marker size.
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Figure 5.3: Product of detector acceptance and efficiency for Λ+
c baryons in

p–Pb collisions at
√
sNN = 5.02 TeV, as a function of pT. From left to right:

Λ+
c → pK−π+ and Λ+

c → pK0
S. The solid lines correspond to the (A × ε) for

prompt Λ+
c , while the dotted lines represent (A× ε) for Λ+

c baryons originating
from beauty-hadron decays. The statistical uncertainties are smaller than the

marker size.

of the (A× ε) values of the four decay channels with the relative branching ratios
as weights.

Figures 5.2 and 5.3 show the product of (A × ε) for Λ+
c baryons with |y| <

yfid in pp and p–Pb collisions as a function of pT for the Λ+
c → pK−π+ (left

panel) and Λ+
c → pK0

S (right panel) decay channels. The higher (A × ε) for Λ+
c

from beauty-hadron decays in the Λ+
c → pK−π+ decay channel is due to the

geometrical selections on the displaced decay-vertex topology, which enhance the
non-prompt component because of the relatively longer lifetime of the beauty
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hadrons compared to prompt Λ+
c . For the Λ+

c → pK0
S analyses, the (A × ε) of

prompt and non-prompt Λ+
c are compatible, as selections based on the displaced

decay-vertex topology are not applied.
Contrary to pp collisions, where the charged-particle multiplicity in data is

well described by the simulation, in p–Pb collisions a weighting procedure based
on the event multiplicity was used in the calculation of the reconstruction effi-
ciency from the simulated events. This approach accounts for the dependence of
the reconstruction efficiency on the event multiplicity, which is due to the fact
that the resolutions of the primary-vertex position and of the variables used in the
geometrical selections of displaced decay vertices improve with increasing multi-
plicity. The event multiplicity was defined here using the number of tracklets,
where a tracklet is defined as a track segment joining the reconstructed primary
vertex with a space point on each SPD layer within the pseudorapidity range
|η| < 1.0.

The factor fprompt was calculated as in [15]:

fprompt = 1−N
Λcfeed-down

NΛc
= 1−(A× ε)feed-down c∆y ∆pT BR Lint

NΛc/2
×
(

d2σ

dpTdy

)FONLL

feed-down
,

(5.2)
where NΛc/2 is the raw yield divided by a factor of two to account for particles
and antiparticles. The production cross section of Λ+

c from beauty-hadron decays,(
d2σ

dpTdy

)FONLL

feed−down
, was calculated using the b-quark pT-differential cross section

from FONLL calculations [13, 14], the fraction of beauty quarks that fragment
into beauty hadrons Hb estimated from LHCb measurements [34], and the Hb →
Λ+

c + X decay kinematics and branching ratios of f(Hb → Λ+
c + X) modelled

using PYTHIA 8 simulations [96].
The beauty-hadron fragmentation was derived from the LHCb measurements

of the B0
s - and Λ0

b-production fraction relative to B0 and B− mesons in pp collisions
at
√
s = 13 TeV [34], which indicates that the fraction of b quarks hadronising

into a Λ0
b baryon is strongly pT-dependent in the measured range of 4 < pT <

25 GeV/c. The fits to the production fractions of B0
s and Λ0

b hadrons normalised
to the sum of B− and B0 hadrons are presented in [34] as a function of the
beauty-hadron pT as

fs
fu + fd

(pT) = A[p1 + p2 × (pT− < pT >)] = X, (5.3)
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fΛ0
b

fu + fd
(pT) = C[q1 + exp(q2 + q3 × pT)] = Y, (5.4)

where fu, fd, fs, and fΛ0
b
are the fractions of b quarks that hadronise into B0,

B−, B0
s , and Λ0

b, respectively, and A, p1, p2, < pT >, C, q1, q2 and q3 are free
parameters of the fits to the measured ratios. The beauty hadron fragmentation
fractions are defined assuming fu = fd and fu+fd+fs+fΛ0

b
= 1. Around 90% of

the feed-down Λ+
c comes from Λ0

b → Λ+
c + X decays, and the Λ0

b fragmentation
fraction can be defined as

fΛ0
b
(pT) =

Y

(X + Y + 1)
. (5.5)

For pT = 5 GeV/c, fΛ0
b
is around 0.2, and it decreases to a value of around

0.09 for pT > 20 GeV/c. For pT < 5 GeV/c it was assumed that fΛ0
b

= 0.2,
since measurements of the ratio Λ0

b/B
0 in pp collisions at

√
s = 7 TeV and 8

TeV [33] are flat as a function of pT in this interval within the experimental
uncertainties. It was assumed that there is no rapidity dependence of fΛ0

b
since

the LHCb measurements of beauty-production ratios are flat as a function of
rapidity in 2 < y < 5 within the experimental uncertainties [33, 34].

For p–Pb collisions, a hypothesis on the nuclear modification factor Rfeed-down
pPb

of Λ+
c from beauty-hadron decays was included as an additional factor in the last

term of Eq. 5.2. As in the D-meson analyses [77], it was assumed that the RpPb

of prompt and feed-down Λ+
c are equal. The values of fprompt in both collision

systems range between 87% and 98% for the Λ+
c → pK0

S decay channel and
between 84% and 98% for the Λ+

c → pK−π+ decay channel.

5.7 Evaluation of systematic uncertainties

This section describes the various sources of systematic uncertainties of the mea-
sured cross section in each analysis, and the methods used to estimate them. A
summary of the systematic uncertainties is shown in Tab. 5.1 and Tab. 5.2 for
the pp and p–Pb analyses, respectively. The different sources of systematic un-
certainty are assumed to be uncorrelated, and their contributions are added in
quadrature to calculate the overall systematic uncertainty in each pT interval.

The systematic uncertainty on the yield extraction was estimated by repeat-
ing the fits to the invariant mass distributions several times, varying i) the lower
and upper limits of the fit interval, and ii) the functional form of the background
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(linear, exponential, and second-order polynomial functions were used). For each
of the above trials, the fit was repeated with different hypotheses on the signal
peak width and mean, with variations including a) treating both the Gaussian
width and mean as free parameters, b) fixing the peak width to the MC expec-
tation and leaving the mean free, c) fixing the mean to the MC expectation and
leaving the peak width free, and d) fixing both the peak width and mean to
the MC expectation. The systematic uncertainty was defined as the RMS of the
distribution of the raw yield values extracted from these trials.

The systematic uncertainty on the tracking efficiency was estimated by i) com-
paring the probability of prolonging a track from the TPC to the ITS (“matching
efficiency”) in data and simulation, and ii) by varying track selection criteria in the
analyses. The matching efficiency in simulation was determined after re-weighting
the relative abundance of primary and secondary particles to match that in data.
The uncertainty on the matching efficiency was defined as the relative difference
in the matching efficiency between simulation and data. It is species-dependent
and therefore it was determined individually for protons, kaons, and pions. In
the Λ+

c → pK0
S analysis only the proton matching efficiency uncertainty was in-

cluded since no ITS condition was required for the pion tracks from the K0
S decay.

The per-track uncertainty on the matching efficiency is pT dependent and it was
propagated to the Λ+

c taking into account the decay kinematics and treating the
uncertainty as correlated among the tracks. The second contribution to the track
reconstruction uncertainty was estimated by repeating the analysis varying the
TPC track selection criteria. The uncertainty was defined as the RMS of the
Λ+

c cross section values obtained with the different track selections. The total
uncertainty on the tracking efficiency was defined as the quadratic sum of these
two contributions.

The uncertainty on the Λ+
c selection efficiency due to imperfections in the

simulated kinematical and geometrical variables used to select Λ+
c candidates

was estimated by varying the selection criteria. For the BDT analysis in the
Λ+

c → pK0
S channel, variations were made on the selection of the BDT response.

The systematic uncertainty was estimated in each pT interval as the RMS of the
distribution of the corrected cross section values resulting from these variations.

Systematic uncertainties can arise from discrepancies in the PID efficiency be-
tween simulation and data. In the case of the Λ+

c → pK0
S analysis in pp collisions,

the systematic uncertainty associated with the PID efficiency was estimated by
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varying the minimum probability threshold required to identify a track as a pro-
ton. For the Λ+

c → pK−π+ analysis, the systematic uncertainty was estimated by
applying a minimum threshold selection on the Bayesian probability to assign the
track identity, with the threshold varying between 30% and 80%. The system-
atic uncertainty in both cases was defined based on the variation of the corrected
cross section. For the Λ+

c → pK0
S analysis in p–Pb collisions, the PID variables

were included as part of the BDT, and therefore the PID uncertainty is already
accounted for by varying the selection on the BDT response. The contribution
due to the 3σ PID preselection was found to be negligible.

An additional source of systematic uncertainty was assigned due to the depen-
dence of the efficiencies on the generated pT distribution of Λ+

c in the simulation
(“MC pT shape” in Tab. 5.1 and 5.2). To estimate this effect the efficiencies were
evaluated after reweighting the pT shape of the PYTHIA 6 simulations to match
the pT spectrum of D mesons from FONLL pQCD calculations. An uncertainty
was assigned in each pT interval based on the difference between the central and
reweighted efficiencies.

The relative statistical uncertainty on (A × ε) was considered as an addi-
tional systematic uncertainty source, originating from the finite statistics in the
simulation used to calculate the efficiency.

The systematic uncertainty on the prompt fraction (“Beauty feed-down” in
Tab. 5.1 and 5.2) was estimated by varying independently i) the production cross
section of beauty quarks within the theoretical uncertainties in FONLL [14], and
ii) the function describing the fragmentation fraction fΛ0

b
. For the variation of ii),

the free parameters defined in [34] were varied independently within their uncer-
tainties. For pT(Λ0

b) < 5 GeV/c, the lower uncertainty bound of fΛ0
b
was taken to

be equal to the lower bound of the fit at pT(Λ0
b) = 5 GeV/c, independent of pT,

while the upper uncertainty bound was taken to be equal to the pT-dependent
upper bound of the fit. In order to account for a possible

√
s dependence of the

fragmentation fractions, an additional reduction of the lower bound of fΛ0
b
was

considered based on the spread of the LHCb measurements at different values
of
√
s. In the p–Pb analyses the uncertainty on the hypothesis of the nuclear

modification factor of Λ+
c from beauty-hadron decays was estimated by varying

the ratio Rfeed-down
pPb /Rprompt

pPb in the range 0.9 < Rfeed-down
pPb /Rprompt

pPb < 1.3. This
range was chosen based on theoretical calculations of charm and beauty hadron
production in p–Pb collisions as explained in [77]. The overall uncertainty on the
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prompt fraction was defined as the envelope of these variations, which leads to
an asymmetric uncertainty.

The uncertainty on the luminosity measurement is 2.1% for pp collisions [88]
and 3.7% for p–Pb collisions [89]. The uncertainty on the branching fractions are
5.1% for the Λ+

c → pK−π+ channel, and 5.0% for the Λ+
c → pK0

S channel [90].
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Λ+
c → pK−π+ Λ+

c → pK0
S

lowest pT highest pT lowest pT highest pT

Yield extraction (%) 10 8 8 7
Tracking efficiency (%) 6 7 3 5
Selection efficiency (%) 6 6 3 3
PID efficiency (%) 5 5 2 4
MC pT shape (%) negl. negl. negl. negl.
(A× ε) stat. unc. (%) 1.7 1.8 1.7 3.5
Beauty feed-down (%) +1.1

−1.8
+5.3
−8.0

+0.8
−1.3

+2.6
−4.0

Branching ratio (%) 5.1 5.0
Luminosity (%) 2.1

Table 5.1: Summary of the systematic uncertainties for the two Λ+
c decay

modes in pp collisions at
√
s = 5.02 TeV. The uncertainty sources found to be

< 1% were considered negligible (“negl.” in the table).

Λ+
c → pK−π+ Λ+

c → pK0
S

lowest pT highest pT lowest pT highest pT

Yield extraction (%) 8 10 10 8
Tracking efficiency (%) 6 6 6 5
Selection efficiency (%) 10 6 15 8
PID efficiency (%) 5 5 negl. negl.
MC pT shape (%) 1 1 1 1
(A× ε) stat. unc. (%) 1.1 4.0 0.5 3.0
Beauty feed-down (%) +1.8

−3.0
+4.2
−6.7

+0.9
−1.5

+4.6
−7.0

Branching ratio (%) 5.1 5.0
Luminosity (%) 3.7

Table 5.2: Summary of the systematic uncertainties for the two Λ+
c decay

modes in p–Pb collisions at
√
sNN = 5.02 TeV. The uncertainty sources found

to be < 1% were considered negligible (“negl.” in the table).
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5.8 Results

5.8.1 pT-differential cross sections

The pT-differential cross section of prompt Λ+
c -baryon production in pp colli-

sions at
√
s = 5.02 TeV, measured in the rapidity interval |y| < 0.5 and pT

interval 1 < pT < 12 GeV/c, is shown in Fig. 5.4 (left) for the two decay
channels Λ+

c → pK−π+ and Λ+
c → pK0

S. Figure 5.4 (right) shows the pT-
differential cross section of prompt Λ+

c -baryon production in p–Pb collisions at
√
sNN = 5.02 TeV, measured in the rapidity interval −0.96 < y < 0.04 and

pT interval 1 < pT < 24 GeV/c for the two decay channels Λ+
c → pK−π+ and

Λ+
c → pK0

S. The measurements in the different decay channels agree within sta-
tistical and uncorrelated systematic uncertainties, with the largest discrepancies
among the measured values being smaller than 1.4σ.
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Figure 5.4: Left: pT-differential prompt Λ+
c -baryon cross section in pp col-

lisions at
√
s = 5.02 TeV in the interval 1 < pT < 12 GeV/c. Right: pT-

differential prompt Λ+
c -baryon cross section in p–Pb collisions at

√
sNN =

5.02 TeV in the interval 1 < pT < 24 GeV/c. The statistical uncertainties
are shown as vertical bars and the systematic uncertainties are shown as boxes.

Horizontal position of points are shifted to provide better visibility.

To obtain a more precise measurement of the pT-differential Λ+
c -baryon pro-

duction cross section, the results from the two decay channels were combined,
taking into account the correlation between the statistical and systematic un-
certainties. The systematic uncertainties treated as uncorrelated between the
different decay channels (Λ+

c → pK−π+ and Λ+
c → pK0

S) include those due to the
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raw-yield extraction, the Λ+
c -selection efficiency, and the (A × ε) statistical un-

certainties. The systematic uncertainties due to the tracking efficiency, the PID
efficiency, the generated Λ+

c pT spectrum, the beauty feed-down, and the lumi-
nosity were treated as correlated between the two decay channels. The branching
ratio uncertainties were considered to be partially correlated, as described in [90].
A weighted average of the cross section values obtained from the different analyses
was calculated, using the inverse of the quadratic sum of the relative statistical
and uncorrelated systematic uncertainties as weights.

Figure 5.5 shows the measured production cross section (average of the two
decay channels) in pp collisions compared to predictions from MC generators and
pQCD calculations. The left panel shows the comparison with predictions from
different tunes of the PYTHIA 8 generator, including the Monash tune [24], and
tunes that implement colour reconnection (CR) beyond the leading-colour approx-
imation [25]. These additional colour reconnection topologies include ‘junctions’
which fragment into baryons, leading to increased baryon production. For the
CR tunes, three modes are considered (Mode 0, 2, and 3), as described in [25],
which apply different constraints on the allowed reconnection, taking into account
causal connection of dipoles involved in a reconnection and time-dilation effects
caused by relative boosts between string pieces. It is noted that Mode 2 is recom-
mended in [25] as the standard tune, and contains the strictest constraints on the
allowed reconnection. In the simulations with the three CR modes, all soft QCD
processes are switched on. All PYTHIA 8 tunes underestimate the measured
pT-differential prompt Λ+

c cross section. The Monash tune significantly underes-
timates the cross section by a factor ∼12 for 1 < pT < 2 GeV/c, and around a
factor 2–3 for pT > 5 GeV/c. All three CR modes yield a similar magnitude and
shape of the Λ+

c cross section, and predict a significantly larger Λ+
c production

cross section with respect to the Monash tune. However, for all three CR modes,
the measured Λ+

c production cross section is underestimated by a factor of about
two for 1 < pT < 2 GeV/c. For pT > 5 GeV/c, Mode 2 and Mode 3 provide a
good description of the data, while Mode 0 underestimates the data by 15–20%.
All tunes exhibit a harder pT distribution than observed in data.

The right panel of Fig. 5.5 shows a comparison with a NLO pQCD calcu-
lation obtained with the POWHEG framework [97], matched with PYTHIA 6
to generate the parton shower, and the CT14NLO parton distribution func-
tions [98]. The nominal factorisation and renormalisation scales, µF and µR,
were taken to be equal to the transverse mass of the quark, µ0 =

√
m2 + p2

T, and
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the charm-quark mass was set to mc = 1.5 GeV/c2. The theoretical uncertain-
ties were estimated by varying these scales in the range 0.5µ0 < µR,F < 2.0µ0,
with 0.5µ0 < µR/µF < 2.0µ0. Results are also compared with recent GM-VFNS
pQCD calculations [99]. With respect to previous GM-VFNS calculations [11,
12], a new fragmentation function for Λ+

c has been used, obtained from a fit
to OPAL data [100] and measurements from Belle at

√
s = 10.52 GeV [101].

The measured pT-differential cross section is significantly underestimated by the
POWHEG prediction, by a factor of up to 15 in the lowest pT interval of the
measurements, and around a factor 2.5 in the highest. While the discrepancy be-
tween the data and calculation decreases as the pT increases, the measured cross
section at 8 < pT < 12 GeV/c is still ∼50% larger than the upper edge of the
POWHEG uncertainty band. The discrepancy between the data and POWHEG
is similar to what was observed in pp collisions at

√
s = 7 TeV [15]. The GM-

VFNS predictions also significantly underestimate the data, by about a factor of
3–4 at low pT and by about a factor of 1.5 at high pT.

In Fig. 5.6, the Λ+
c -production cross section in pp collisions at

√
s = 5.02 TeV

is compared with the measurement at
√
s = 7 TeV [15]. For a direct comparison,

the intervals 4 < pT < 5 GeV/c and 5 < pT < 6 GeV/c of the
√
s = 5.02 TeV

analysis have been merged. When merging, the systematic uncertainties were
propagated considering the uncertainty due to the raw-yield extraction as fully
uncorrelated and all the other sources as fully correlated between pT intervals.
In the lower panel of the same figure, the ratio of the cross sections is shown.
In this case, the systematic uncertainties on feed-down, pT shape, and branch-
ing ratio were assumed to be fully correlated, while all the other sources were
considered as uncorrelated between the results at the two collision energies. The
relative statistical uncertainties in the measurement at

√
s = 5.02 TeV are on

average smaller than those in the measurement at
√
s = 7 TeV by a factor ∼1.5.

As expected, a lower Λ+
c -production cross section is observed at the lower col-

lision energy. The difference between the cross sections at the two
√
s values

increases with increasing pT, indicating a harder pT shape at the higher collision
energy. This behaviour is consistent with that observed for the D-meson cross
section ratios at

√
s = 7 TeV and

√
s = 5.02 TeV, which is described by pQCD

calculations [10].
Figure 5.7 shows the pT-differential cross section averaged among the decay

channels and analysis techniques in p–Pb collisions. The cross section is com-
pared to the POWHEG event generator, where the generator settings, the parton
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Figure 5.5: Prompt Λ+
c -baryon pT-differential production cross section in pp

collisions at
√
s = 5.02 TeV in the interval 1 < pT < 12 GeV/c. The statis-

tical uncertainties are shown as vertical bars and the systematic uncertainties
are shown as boxes. Left: Comparison to predictions from different tunes of
the PYTHIA 8 event generator [24] [25]. The vertical bars on the PYTHIA 8
predictions represent the statistical uncertainty from the simulation, and the
vertical bars on the ratios in the bottom panel also include the statistical uncer-
tainties from the data. Right: Comparison to predictions from the POWHEG
event generator [97] and GM-VFNS calculations [99]. The orange(blue) boxes
represent the uncertainties of POWHEG(GM-VFNS) due to the choice of pQCD
scales. See text for details on the PYTHIA 8 and POWHEG event generator

settings.

shower, and the set of parton distribution functions are the same as used in the
calculations for pp collisions, and the nuclear modification of the parton distri-
bution functions is modelled with the EPPS16 nPDF parameterisation [49]. The
theoretical uncertainty includes the uncertainty on the factorisation and renor-
malisation scales (estimated as done for POWHEG predictions for pp collisions),
while the uncertainties on the parton distribution functions and EPPS16 nPDF
are not included in the calculation as they are smaller than the scale uncertain-
ties. The cross section is underestimated by the POWHEG prediction by a factor
of up to 15 in the lowest pT intervals, similar to what is observed for pp collisions.
The difference between the POWHEG predictions and the measured cross section
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Figure 5.6: Comparison between the pT-differential production cross section
of prompt Λ+

c baryons in pp collisions at
√
s = 7 TeV [15] and

√
s = 5.02 TeV.

The ratio between the cross sections is shown in the lower panel. The statistical
uncertainties are shown as vertical bars and the systematic uncertainties are

shown as boxes.

decreases with increasing pT and in the highest pT interval of the measurement
(12 < pT < 24 GeV/c) the data point lies on the upper edge of the POWHEG
uncertainty band. The Run 2 p–Pb results are compatible with our previous re-
sults from the sample of p–Pb collisions at

√
sNN = 5.02 TeV collected in LHC

Run 1 [15]. The statistical uncertainties have been reduced by approximately a
factor of two for all pT intervals, and the systematic uncertainties improved by
approximately 30% at low pT and 10% at high pT.

5.8.2 Nuclear modification factor

The nuclear modification factor RpPb was calculated as the pT-differential Λ+
c

cross section in p–Pb collisions divided by the reference measurement of the pT-
differential Λ+

c cross section in pp collisions scaled by the lead mass number
A = 208

RpPb =
1

A

dσpPb/dpT

dσpp/dpT

(5.6)
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Figure 5.7: pT-differential prompt Λ+
c -baryon production cross section in

p–Pb collisions at
√
sNN = 5.02 TeV in the interval 1 < pT < 24 GeV/c com-

pared to predictions from the POWHEG event generator [97]. The statistical
uncertainties are shown as vertical bars and the systematic uncertainties are
shown as boxes. The orange boxes represent the uncertainties of POWHEG
due to the choice of pQCD scales. See text for details on the POWHEG event

generator settings.

where dσpp/dpT was obtained from the cross section measured in pp collisions
in |y| < 0.5 applying a correction factor to account for the different rapidity
coverage of the pp and p–Pb measurements. The correction factor is calcu-
lated with FONLL and ranges from 0.995 (in 1 < pT < 2 GeV/c) to 0.983
(in 8 < pT < 12 GeV/c). Figure 5.8 (left) shows the RpPb of Λ+

c baryons in
the pT interval 1 < pT < 12 GeV/c compared to the RpPb of non-strange D
mesons from [102]. With respect to the previous measurement of the Λ+

c -baryon
RpPb [15], the pT reach has been extended to higher and lower pT. In addition,
the pp reference at the same per-nucleon centre-of-mass energy as the p–Pb sam-
ple eliminates the uncertainty originating from the

√
s-scaling of the pp cross

section measured at
√
s = 7 TeV that was present in the previous results. These

improvements, along with the increased statistical precision, have allowed for a
reduction of the overall uncertainty of the RpPb by a factor of 1.7–2 compared
with the previous measurement. The result is consistent with the D-meson RpPb
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within the uncertainties in the pT regions 1 < pT < 4 GeV/c and pT > 8 GeV/c,
but larger than the D-meson RpPb in 4 < pT < 8 GeV/c with a maximum de-
viation of 1.9σ in 5 < pT < 6 GeV/c, where σ is defined as the quadratic sum
of the statistical and the lower(upper) systematic uncertainties for Λ+

c baryons
(D mesons). For pT > 2 GeV/c the Λ+

c -baryon RpPb is systematically above
unity, with a maximum deviation from RpPb = 1 reaching 2.2σ in the pT interval
5 < pT < 6 GeV/c, where σ is defined as the quadratic sum of the statistical
and the upper systematic uncertainty. In the pT interval 1 < pT < 2 GeV/c

the RpPb is lower than unity by 2.6σ. This hints that Λ+
c production is sup-

pressed at low pT and is enhanced at mid-pT in p–Pb collisions with respect to
pp collisions. In Fig. 5.8 (right) the measured Λ+

c -baryon RpPb is compared to
model calculations. The POWHEG+PYTHIA 6 simulations use the POWHEG
event generator with PYTHIA 6 parton shower and EPPS16 parameterisation of
the nuclear modification of the PDFs [49]. The uncertainty band includes the
uncertainties on the nuclear PDFs and on the choice of the pQCD scales. The
POWLANG model [61] assumes that a hot deconfined medium is formed in p–Pb
collisions, and the transport of heavy quarks through an expanding QGP is com-
puted utilising the Langevin approach and Hard Thermal Loop (HTL) transport
coefficients. The POWLANG model does not implement specific differences in
hadronisation mechanisms for baryons and mesons, and the same prediction holds
for all charm hadron species. The two models capture some features of the data,
but neither of them can quantitatively reproduce the observed Λ+

c -baryon RpPb

in the measured pT interval.

5.8.3 pT-integrated Λ+
c cross sections

The visible Λ+
c cross section was computed by integrating the pT-differential cross

section in its measured range. In the integration, the systematic uncertainties
were propagated considering the uncertainty due to the raw-yield extraction as
fully uncorrelated and all the other sources as fully correlated between pT inter-
vals. The visible Λ+

c cross section in pp collisions at
√
s = 5.02 TeV is

dσΛ+
c

pp, 5.02 TeV/dy|
1<pT<12 GeV/c
|y|<0.5 = 161± 11 (stat.)± 14 (syst.)

± 3 (lumi.)µb.
(5.7)

The visible Λ+
c cross section in p–Pb collisions is
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Figure 5.8: The nuclear modification factor RpPb of prompt Λ+
c baryons in

p–Pb collisions at
√
sNN = 5.02 TeV as a function of pT, compared to the RpPb

of D mesons [102] (average of D0, D+, and D∗+ in the range 1 < pT < 12
GeV/c and D0 in 0 < pT < 1 GeV/c) (left), as well as to POWHEG+PYTHIA
6 [97] with EPPS16 [49] simulations, and POWLANG [61] predictions (right).
The black-filled box at RpPb = 1 represents the normalisation uncertainty.

dσΛ+
c

pPb, 5.02 TeV/dy|
1<pT<24 GeV/c
−0.96<y<0.04 = 29.0± 2.0 (stat.)± 3.6 (syst.)

± 1.1 (lumi.) mb.
(5.8)

The pT-integrated Λ+
c production cross section at midrapidity was obtained by

extrapolating the visible cross sections to the full pT range. The extrapolation
approach used for D mesons [76], based on the pT-differential cross sections pre-
dicted by FONLL calculations, is not applicable here because FONLL does not
have predictions for Λ+

c baryons. For pp collisions, PYTHIA 8 predictions with
specific tunes implementing CR mechanisms were used for the extrapolation.
The pT-differential Λ+

c cross section values in 0 < pT < 1 GeV/c and for pT ≥ 12
GeV/c were obtained by scaling the measured Λ+

c cross section in 1 < pT < 12

GeV/c for the fractions of cross section given by PYTHIA in 0 < pT < 1 GeV/c

and for pT ≥ 12 GeV/c respectively. The PYTHIA 8 simulation with Mode 2
CR tune [25] including soft QCD processes, which gives the best description of
both the magnitude and shape of the Λ+

c cross section and Λ+
c /D

0 ratio, was
used to calculate the central value of the extrapolation factors. The procedure
was repeated considering the three modes defined in [25], with the envelopes of
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the corresponding results assigned as the extrapolation uncertainty. A second
extrapolation method was also implemented as a cross check. This consisted of
multiplying the measured D0 cross section value in 0 < pT < 1 GeV/c by the
Λ+

c /D
0 ratio estimated with PYTHIA 8 (CR Mode 2) in the same pT interval to

get an estimate of the Λ+
c cross section value in 0 < pT < 1 GeV/c, and then

integrating in pT. The results obtained with the two methods were found to be
compatible within the uncertainties.

The resulting pT-integrated cross section of the Λ+
c baryon in pp collisions at

√
s = 5.02 TeV is

dσΛ+
c

pp, 5.02 TeV/dy||y|<0.5 = 230± 16 (stat.) ± 20 (syst.)

± 5 (lumi.) +5
−10 (extrap.)µb.

(5.9)

In p–Pb collisions, the pT-integrated Λ+
c -production cross section was ob-

tained using a different approach, since the pT spectrum of Λ+
c is not well de-

scribed by PYTHIA or other event generators. In this case, the cross sections
in 0 < pT < 1 GeV/c and pT > 24 GeV/c were calculated as the product of
the pp cross sections in these pT intervals obtained from the extrapolation of the
measured pT-differential cross section, as described above; the Pb mass number;
a correction factor to account for the different rapidity interval covered in pp and
p–Pb collisions; and an assumption on the nuclear modification factor RpPb as
described hereafter. For 0 < pT < 1 GeV/c, the RpPb was taken as RpPb = 0.5

as in the 1 < pT < 2 GeV/c interval, under the hypothesis that the trend of the
Λ+

c RpPb at low pT is similar to that of D mesons. The uncertainty was estimated
by varying the hypothesis in the range 0.35 < RpPb < 0.8, which incorporates
the envelope of the available models (see Fig. 5.8) and the range defined by the
combination of the statistical and systematic uncertainties of the Λ+

c RpPb in
1 < pT < 2 GeV/c. For pT > 24 GeV/c, the RpPb was assumed to be equal to
unity, with the range 0.8 < RpPb < 1.2 used to define the uncertainty.

The resulting pT-integrated cross section of prompt Λ+
c in p–Pb collisions at

√
sNN = 5.02 TeV is

dσΛ+
c

pPb, 5.02 TeV/dy|−0.96<y<0.04 = 36.2± 2.5 (stat.) ± 4.5 (syst.)

± 1.3 (lumi.)+4.4
−2.7 (extrap.) mb.

(5.10)

The visible cross sections make up 70% and 80% of the integrated cross sections
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in pp and p–Pb collisions, respectively. The pT-integrated Λ+
c cross sections in pp

and p–Pb collisions can be used for the comparison of fragmentation fractions of
charm quarks in different collision systems and rapidity intervals. They can also
be used in the calculation of the cc̄ cross section together with the cross sections of
D mesons and higher-mass charm baryons that do not decay into Λ+

c . Due to the
lack of measurements of higher-mass charm baryons (Ξ+,0

c ,Ωc) at
√
s = 5.02 TeV,

which contribute to the cc̄ cross section, a calculation of the cc̄ cross section is
beyond the scope of this work.

5.8.4 Λ+
c /D

0 ratios

The ratios between the yields of Λ+
c baryons and D0 mesons were calculated using

the D0 cross sections reported in [10] for pp collisions and [102] for p–Pb collisions,
respectively. The uncertainty sources assumed to be uncorrelated between the Λ+

c

and D0 production cross sections include those due to the raw-yield extraction,
the selection efficiency, the PID efficiency, the generated pT shape, the (A × ε)
statistical uncertainties, and the branching ratios. The uncertainties assumed to
be correlated include those due to the tracking, the beauty feed-down and the
luminosity. The D0 cross section was measured in finer pT intervals than the Λ+

c ,
so it was rebinned such that the pT intervals match between the two species.

The Λ+
c /D

0 ratio as a function of pT in pp and p–Pb collisions is shown in
Fig. 5.9. A clear decreasing trend with increasing pT is seen in both pp and p–Pb
collisions for pT > 2 GeV/c, and at high pT the ratio reaches a value of about
0.2. The ratios measured in pp and p–Pb collisions are qualitatively consistent
with each other, although a larger Λ+

c /D
0 ratio in 3 < pT < 8 GeV/c and a lower

ratio in 1 < pT < 2 GeV/c are measured in p–Pb collisions with respect to pp

collisions.
The values of the pT-integrated Λ+

c /D
0 ratios are reported in Tab. 5.3 along

with the values measured in e+e− and e−p collisions by other experiments. The
Λ+

c /D
0 ratios in pp and p–Pb collisions are consistent with each other within the

experimental uncertainties. Comparing to previous measurements in other col-
lision systems, the Λ+

c /D
0 ratio is significantly enhanced by a factor of about

3–5 in pp collisions and a factor of about 2–4 in p–Pb collisions, indicating
that the fragmentation fractions of charm quarks into baryons are different with
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Figure 5.9: The Λ+
c /D

0 ratio as a function of pT measured in pp collisions at√
s = 5.02 TeV and in p–Pb collisions at

√
sNN = 5.02 TeV.

respect to e+e− and e−p collisions. This is consistent with the previous AL-
ICE measurements [15], where the pT-integrated Λ+

c /D
0 ratios were restricted to

1 < pT < 8 GeV/c in pp collisions, and to 2 < pT < 12 GeV/c in p–Pb collisions.
Figure 5.10 shows the Λ+

c /D
0 ratio in pp collisions compared with models

from MC generators, and a statistical hadronisation model. The MC generators
include PYTHIA 8 with Monash tune and colour reconnection tunes as described
above; PYTHIA 8 with colour reconnection plus rope hadronisation [103, 25]
where colour charges can act coherently to form a rope, increasing the effective
string tension; HERWIG 7.2 [28] where hadronisation is implemented via clusters;
and POWHEG pQCD generator matched to PYTHIA 6 to generate the parton
shower, as described above. The measured points are also compared to predic-
tions from GM-VFNS pQCD calculations, which were computed as the ratios of
the Λ+

c and D0 cross sections obtained with the same choice of pQCD scales [99].
The left panel shows the predictions of the Λ+

c /D
0 ratio from PYTHIA 8 (Monash

tune), HERWIG 7, POWHEG, and GM-VFNS, which all implement fragmenta-
tion processes tuned on charm production measurements in e+e− collisions, and
therefore all predict a value of the Λ+

c /D
0 ratio around 0.1, with a very mild pT

dependence. These predictions significantly underestimate the data at low pT by
a factor of about 5–10, while at high pT the discrepancy is reduced to a factor
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Table 5.3: Comparison of the pT-integrated Λ+
c /D0 ratio measured in pp

and p–Pb collisions, and the same ratios in e+e− and e−p collisions (repro-
duced from [15]). Statistical and systematic uncertainties are reported (from
references [16, 18] it was not possible to separate systematics and statistical un-
certainties). The ALICE measurements report an additional uncertainty source

from the extrapolation procedure.
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of about 2. The right panel shows models which include processes that enhance
baryon production. A significant enhancement of the Λ+

c /D
0 ratio is observed

with PYTHIA 8 simulations including CR beyond the leading-colour approxima-
tion, with respect to the Monash tune. The results of these PYTHIA 8 tunes are
consistent with the measured Λ+

c /D
0 ratio in pp collisions, also reproducing the

decreasing trend of Λ+
c /D

0 with increasing pT. Including rope hadronisation in
addition to colour reconnection induces a small modification in the Λ+

c /D
0 ratio,

suggesting that the increased string tension does not significantly affect the rel-
ative production of baryons with respect to mesons. The data is also compared
with a statistical hadronisation model [73] where the underlying charm baryon
spectrum is either taken from the PDG, or augmented to include additional ex-
cited baryon states, which have not yet been observed but are predicted by the
Relativistic Quark Model (RQM) [104]. For the former case, the model underpre-
dicts the data at low pT. For the latter case, the additional charm baryon states
decay strongly to Λ+

c baryons, contributing to the prompt Λ+
c spectrum. This

increases the Λ+
c /D

0 ratio and allows the model to describe both the magnitude
and the pT dependence of the measured ratio. Finally, the Catania model [105] is
also presented, which assumes that a QGP is formed in pp collisions and that the
hadronisation occurs via coalescence as well as fragmentation. The light quark
pT spectrum is determined with a blast wave model, while the heavy quark pT

spectrum is determined with FONLL pQCD predictions, and coalescence is im-
plemented via the Wigner formalism. Contrary to the implementation in Pb–Pb
collisions [106], jet quenching mechanisms are not included in pp collisions. The
model predicts that hadronisation via coalescence is dominant at low pT, while
fragmentation dominates at high pT. Both the magnitude and the pT shape of
the measured Λ+

c /D
0 ratio are described well by this model.

Figure 5.11 (left) shows the Λ+
c /D

0 ratio in pp collisions at
√
s = 5.02 TeV

compared with the previous measurement at
√
s = 7 TeV, and with predictions

from PYTHIA 8 simulations. The Λ+
c /D

0 ratio is found to be consistent between
the two collision energies, within the experimental uncertainties; however, the
wider pT coverage and the improved statistical and systematic uncertainties on
the new measurement reveal a clear decreasing trend in the Λ+

c /D
0 ratio in pp

collisions at
√
s = 5.02 TeV, which was not clearly visible in the result at

√
s =

7 TeV. The predictions of PYTHIA 8 with Monash tune do not show a
√
s-

dependence, while those with CR Mode 2 indicate a slight
√
s-dependence, where

the Λ+
c /D

0 ratio is slightly larger at low pT at
√
s = 7 TeV than at

√
s =
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Figure 5.10: The Λ+
c /D

0 ratio measured in pp collisions at
√
s = 5.02 TeV,

compared to theoretical predictions. The measurement is compared with
predictions from MC generators (PYTHIA 8 [24, 25], HERWIG 7 [28],
POWHEG [97]), GM-VFNS [99], a statistical hadronisation model [73] (‘SH
model’ in the legend) and a model which implements hadronisation via coales-

cence and fragmentation [105]. See text for model details.
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Figure 5.11: Left: The Λ+
c /D

0 ratio measured in pp collisions at
√
s =

5.02 TeV, compared to the measurement at
√
s = 7 TeV [15]. PYTHIA 8

predictions are shown at both energies, for the Monash tune (solid lines) and
with the Mode 2 CR tune (dotted lines). Right: the Λ+

c /D
0 ratio at

√
s =

5.02 TeV compared with the measurement by the CMS Collaboration at |y| <
1 [29].

5.02 TeV. The right panel shows the Λ+
c /D

0 ratio in pp collisions, compared
with the measurement by the CMS Collaboration in 5 < pT < 20 GeV/c and
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|y| < 1 [29]. In the pT region covered by both experiments, the results are found
to be consistent with one another.

In Fig. 5.12, the Λ+
c /D

0 ratio in p–Pb collisions at midrapidity (−0.96 < y <

0.04) is compared with the measurements by the LHCb Collaboration at forward
(1.5 < y < 4) and backward (−4.5 < y < −2.5) rapidities [72]. The left panel
shows the comparison of the Λ+

c /D
0 ratios in the different rapidity intervals as

a function of pT. For pT < 8 GeV/c the ratio measured at midrapidity is higher
than the ones measured at forward and backward rapidities, whereas at higher
pT the measurements are consistent within uncertainties. The right panel shows
the pT-integrated Λ+

c /D
0 ratio as a function of rapidity. The pT range of the

integration of the ALICE data (2 < pT < 12 GeV/c) is chosen to be similar
to the reported LHCb integrated pT range (2 < pT < 10 GeV/c). The results
suggest an enhancement of the ratio at midrapidity with respect to forward and
backward rapidities. The difference between the Λ+

c /D
0 ratio at mid and forward

(backward) rapidities is less pronounced in p–Pb collisions compared to the one
observed in pp collisions at 7 TeV [30, 15].
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Figure 5.12: The Λ+
c /D

0 ratio measured in p–Pb collisions at
√
sNN =

5.02 TeV, compared with the measurement at forward and backward rapid-
ity [72] by the LHCb collaboration. The measurements are shown as a function

of pT (left) and as a function of y (right).

Figure 5.13 shows the Λ+
c /D

0 ratio in pp and p–Pb collisions, compared to the
baryon-to-meson ratios in the light flavour sector, p/π [69, 107] and Λ/K0

S [108,
109]. The p/π ratio in pp collisions is shown at centre-of-mass energies of 7 TeV

and 5.02 TeV, and both results are fully consistent with each other. The Λ/K0
S

ratio in pp collisions is shown at
√
s = 7 TeV. Comparing the Λ+

c /D
0 ratio to the
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light-flavour ratios, similar characteristics can be seen. All the baryon-to-meson
ratios decrease with increasing pT for pT > 3 GeV/c. In addition, the light-flavour
hadron ratios show a distinct peak at intermediate pT (around 3 GeV/c), while
the Λ+

c /D
0 ratio shows a hint of a peak at 2 < pT < 4 GeV/c in p–Pb collisions,

though a higher precision measurement would be needed to confirm this. Also
shown in Fig. 5.13 are predictions from PYTHIA 8 with Monash and CR Mode 2
tunes. The PYTHIA 8 predictions for the light-flavour baryon-to-meson ratios are
calculated at

√
s = 7 TeV. It can be observed that the behaviours of the PYTHIA

8 predictions for light-flavour and charm baryon-to-meson ratios are similar. The
measured Λ/K0

S ratio in pp collisions is underestimated by the Monash tune,
while for the CR Mode 2 tune both the magnitude and trend of the ratio are
closer to data, despite predicting a slightly flatter trend with pT. The p/π ratio
ratio is underestimated by PYTHIA 8 (Monash) at low pT but overestimated
at high pT, while CR Mode 2 improves the agreement with data at low pT but
still overestimates the data at high pT. Overall, the colour reconnection modes
in PYTHIA 8 generally provide for a better description of the baryon-to-meson
ratios in both the light-flavour and charm sector.
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Figure 5.13: The baryon-to-meson ratios in the light-flavour and charm sec-
tor; p/π in pp collisions at

√
s = 5.02 TeV and 7 TeV and p–Pb collisions

at
√
sNN = 5.02 TeV [69] (left), Λ/K0

S in pp collisions at
√
s = 7 TeV and

p–Pb collisions at
√
sNN = 5.02 TeV [108, 109] (middle), and Λ+

c /D
0 in pp

collisions at
√
s = 5.02 TeV and p–Pb collisions at

√
sNN = 5.02 TeV (right).

The data are compared to predictions from PYTHIA 8 [24, 25]. See text for
model details.
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5.9 Summary and conclusions

The measurements of the production of prompt Λ+
c baryons at midrapidity in

pp collisions at
√
s = 5.02 TeV and in p–Pb collisions at

√
sNN = 5.02 TeV

with the ALICE detector at the LHC have been reported. The measurement in
pp collisions, in particular, was performed at a different centre-of-mass energy
with respect to the previous work in which Λ+

c -baryon production was measured
in pp collisions at

√
s = 7 TeV [15]. The pp data sample at

√
s = 5.02 TeV

is the natural reference for measurements in p–Pb and Pb–Pb collisions at the
same centre-of-mass energy per nucleon pair. Moreover, with respect to [15], the
uncertainties were significantly reduced, and the pT range and the pT granularity
of the measurements were improved in both collision systems. The analysis was
performed using two different decay channels, Λ+

c → pK−π+ and Λ+
c → pK0

S.
The results were reported for pp collisions in the rapidity interval |y| < 0.5 and
the transverse-momentum interval 1 < pT < 12 GeV/c and for p–Pb collisions
in −0.96 < y < 0.04 and 1 < pT < 24 GeV/c. The pT-differential production
cross sections were obtained averaging the results from different hadronic decay
channels.

The pT-differential cross section was measured to be larger than predictions
given by pQCD calculations in both pp and p–Pb collisions. The nuclear mod-
ification factor RpPb of Λ+

c baryons was found to be below unity in the interval
1 < pT < 2 GeV/c and to peak above unity around 5 GeV/c. It is consistent
with the RpPb of D mesons in the pT regions 1 < pT < 4 GeV/c and pT > 8

GeV/c and larger than the D-meson RpPb in 4 < pT < 8 GeV/c. The current
precision of the measurement is not enough to draw conclusions on the role of
different CNM effects and the possible presence of hot-medium effects. As al-
ready observed in [15], the Λ+

c /D
0 baryon-to-meson ratio in pp collisions is larger

than previous measurements obtained in e+e− and e−p collision systems at lower
centre-of-mass energies. The increase of precision in this paper allowed to observe,
for the first time, a clear decreasing trend as a function of transverse momentum
in the Λ+

c /D
0 ratio. The Λ+

c /D
0 ratio was compared to pp event generators and

models that implement different particle production and hadronisation mecha-
nisms: qualitative agreement with the measurement is obtained with PYTHIA 8
tunes including string formation beyond the leading-colour approximation; a pre-
diction based on the statistical hadronisation model which includes unobserved
charm baryon states that strongly decay to Λ+

c ; and a prediction which assumes
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the formation of a QGP and implements hadronisation via coalescence and frag-
mentation. The Λ+

c /D
0 ratio measured in pp collisions is consistent with the

results by CMS at midrapidity in the common pT regions of both measurements.
The ratio in p–Pb collisions at midrapidity is higher than the one measured
by LHCb at forward and backward rapidities in 2 < pT < 8 GeV/c, while for
pT > 8 GeV/c the measurements at central, forward and backward rapidities are
consistent within uncertainties. The measured Λ+

c /D
0 ratio was also compared

with baryon-to-meson ratios measured in the light-flavour sector. The measured
Λ/K0

S ratio can also be described by PYTHIA 8 when including string formation
beyond the leading-colour approximation, although this PYTHIA 8 tune slightly
overestimates the measured p/π ratio. The increased precision of this measure-
ment with respect to the measurements made with the Run 1 data is crucial for
providing further insight into charm baryon production in pp and p–Pb collisions.
A more precise measurement is expected to be obtained during the LHC Run 3
and Run 4 after the upgrade of the ALICE apparatus [110].
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6.2 Abstract

The prompt production of the charm baryon Λ+
c and the Λ+

c /D
0 production ratios

were measured at midrapidity with the ALICE detector in pp and p–Pb collisions
at
√
sNN = 5.02 TeV. These new measurements show a clear decrease of the

Λ+
c /D

0 ratio with increasing transverse momentum (pT) in both collision systems
in the range 2 < pT < 12 GeV/c, exhibiting similarities with the light-flavour
baryon-to-meson ratios p/π and Λ/K0

S. At low pT, predictions that include addi-
tional colour-reconnection mechanisms beyond the leading-colour approximation;
assume the existence of additional higher-mass charm-baryon states; or include
hadronisation via coalescence can describe the data, while predictions driven by
charm-quark fragmentation processes measured in e+e− and e−p collisions sig-
nificantly underestimate the data. The results presented in this letter provide
significant evidence that the established assumption of universality (colliding-
system independence) of parton-to-hadron fragmentation is not sufficient to de-
scribe charm-baryon production in hadronic collisions at LHC energies.

6.3 Introduction

Heavy-flavour hadron production in hadronic collisions occurs through the frag-
mentation of a charm or beauty quark, created in hard parton-parton scattering
processes, into a given meson or baryon. Theoretical calculations of heavy-flavour
production generally utilise the QCD factorisation theorem [2], which describes
the hadron cross section as the convolution of three terms: the parton distribu-
tion functions, the parton hard-scattering cross sections, and the fragmentation
functions. It is generally assumed that the fragmentation functions are univer-
sal between collision systems and energies, and the measurement of the relative
production of different heavy-flavour hadron species is sensitive to fragmentation
functions used in pQCD-based calculations. While perturbative calculations at
next-to-leading order with next-to-leading-log resummation [3, 4, 5, 6] generally
describe the D- and B-meson cross-section measurements [7, 8, 9, 10, 11] and the
ratios of strange and non-strange D mesons [7, 11] within uncertainties, heavy-
flavour baryon production is less well understood.

The Λ+
c production cross section in pp collisions at

√
s = 7 TeV and p–Pb

collisions at
√
sNN = 5.02 TeV was reported by ALICE [12]. It was shown that

in both collision systems the pT-differential Λ+
c production cross section is higher
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than predictions from pQCD calculations with charm fragmentation tuned on
previous e+e− and e−p measurements [3, 4]. The Λ+

c /D
0 ratio in pp and p–Pb

collisions is consistent in both collision systems and also significantly underesti-
mated by several Monte Carlo (MC) generators implementing different charm-
quark fragmentation processes [13, 14, 15, 16], suggesting that the fragmentation
fractions of charm quarks into different hadronic states are non-universal with
respect to collision system and centre-of-mass energy. The production of charm
baryons has recently been calculated within the kT-factorisation approach using
unintegrated gluon distribution functions and the Peterson fragmentation func-
tions [17], and with the GM-VFNS scheme using updated fragmentation functions
from OPAL and Belle [18]. These approaches are unable to simultaneously de-
scribe ALICE and LHCb data with the same set of parameters, suggesting that
the independent parton fragmentation scheme is insufficient to fully describe the
results. An alternative explanation has been offered by a statistical hadronisation
model, taking into account an augmented list of charm-baryon states based on
guidance from the Relativistic Quark Model (RQM) [19] and lattice QCD [20],
which is able to reproduce the Λ+

c /D
0 ratio measured by ALICE. The magnitude

of the relative yields of Λ0
b baryons and beauty mesons in pp collisions measured

by LHCb [21, 22, 23] and CMS [24] offers further evidence that the fragmentation
fractions in the beauty sector also vary between collision systems.

The measurement of baryon production has also been important in heavy-
ion collisions, where the high energy density and temperature create a colour-
deconfined state of matter [25]. A measured enhancement of the light-flavour [26,
27] and charm [28, 29, 30] baryon-to-meson ratio at the LHC and RHIC can be
explained via an additional mechanism of hadronisation known as coalescence
(or recombination), where soft quarks from the medium recombine to form a
meson or baryon [31], in addition to hydrodynamical radial flow. Measurements in
p–Pb collisions are crucial to provide an ‘intermediate’ collision system where the
generated particle multiplicities and energy densities are between those generated
in pp and A–A collisions. ALICE and CMS reported an enhancement of the
baryon-to-meson ratios in the light-flavour sector (p/π and Λ/K0

S) at intermediate
pT (2 < pT < 10 GeV/c) in high-multiplicity pp and p–Pb collisions, similar to
that observed in heavy-ion collisions [32, 33]. This adds to the evidence that small
systems also exhibit collective behaviour, which may have similar physical origins
in pp, p–A, and A–A collisions [34]. It has been suggested that hadronisation of
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charm quarks via coalescence may also occur in pp and p–Pb collisions [35, 36,
37].

In this letter, the measurements of the prompt production of the charm baryon
Λ+

c in pp collisions at
√
s = 5.02 TeV in |y| < 0.5 and in p–Pb collisions at

√
sNN = 5.02 TeV in −0.96 < y < 0.04 are presented, with a focus on the

Λ+
c /D

0 production ratios. The measurement is performed as an average of the
Λ+

c and its charge conjugate Λ−c , collectively referred to as Λ+
c in the following.

Two hadronic decay channels were measured: Λ+
c → pK−π+ (branching ratio BR

= 6.28 ± 0.33%), and Λ+
c → pK0

S (BR = 1.59 ± 0.08%)[38], which were recon-
structed exploiting the topology of the weakly-decaying Λ+

c (cτ = 60.7µm) [38].
The results from both decay channels were averaged to obtain more precise pro-
duction cross sections. With respect to the results presented in [12], this work
studies a different centre-of-mass energy for pp collisions, and the cross section is
measured in finer pT intervals and over a wider pT range. The overall precision
of the measurements is significantly improved, by a factor of 1.5–2, depending on
pT, for both pp and p–Pb collisions. For a detailed description of the analysis
techniques, corrections, systematic uncertainty determination, and supplemen-
tary measurements, the reader is referred to [39].

6.4 Experimental setup and data Samples

A description of the ALICE detector and its performance are reported in [40,
41]. The pp data sample was collected in 2017 and the p–Pb data sample was
collected in 2016 during the LHC Run 2. Both pp and p–Pb collisions were
recorded using a Minimum Bias (MB) trigger, which required coincident signals
in the two V0 scintillator detectors located on either side of the interaction vertex.
Further offline selection was applied in order to remove background from beam–
gas collisions and other machine-induced backgrounds. To reduce superposition
of more than one interaction within the colliding bunches (pile-up), events with
multiple reconstructed primary vertices were rejected. Only events with a z-
coordinate of the reconstructed vertex position within 10 cm from the nominal
interaction point were used. With these requirements, approximately one billion
MB-triggered pp events were selected, corresponding to an integrated luminosity
of Lint = 19.5 nb−1(± 2.1% [42]). Approximately 600 million MB-triggered p–Pb
events were selected, corresponding to Lint = 287 µb−1 (± 3.7% [43]).
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6.5 Λ+
c analysis overview and methods

The analysis techniques used for the results presented here are described in detail
in [39]. Charged-particle tracks and particle decay vertices are reconstructed in
the central barrel using the Inner Tracking System (ITS) and the Time Projection
Chamber (TPC), which are located inside a solenoid magnet of field strength
0.5T. In order to reduce the large combinatorial background, selections on the
Λ+

c candidates were made based on the particle identification (PID) signals and
the displacement of the decay tracks from the collision point. The PID was
performed using information on the specific energy loss of charged particles as
they pass through the gas of the TPC and, where available, with flight-time
measurements given by the Time-Of-Flight detector (TOF).

For the Λ+
c → pK−π+ analysis, candidates were built by reconstructing triplets

of tracks with the correct configuration of charges. For this analysis, the high-
resolution tracking provided by the detectors meant that the decay vertex of the
Λ+

c candidates could be resolved from the interaction point. To identify each of the
p, K, and π daughter tracks, information from the TPC and TOF was combined
using the ‘maximum-probability’ Bayesian approach described in [44]. Kinematic
selections were made on the pT of the decay products of the Λ+

c , and geometrical
selections were made on topological properties related to the displaced vertex of
the Λ+

c decay.
The reconstruction of Λ+

c → pK0
S candidates relied on reconstructing the V-

shaped decay of the K0
S meson into two pions, which was then combined with a

proton track (bachelor). In pp collisions, candidates were further selected using
criteria related to PID and properties of the Λ+

c → pK0
S decay. The Bayesian

probability of the combined TPC and TOF response for the bachelor track to
be a proton was required to be above 80%. The selection criteria on kinematical
and geometrical variables included the distance of closest approach between the
decay daughters, the invariant mass, and the cosine of the pointing angle of the
neutral decay vertex (K0

S) to the primary vertex.
For the Λ+

c → pK0
S decay channel in p–Pb collisions, the analysis was per-

formed using a multivariate technique based on the Boosted Decision Tree (BDT)
algorithm provided by the Toolkit for Multivariate Data Analysis (TMVA) [45].
The BDT algorithm was trained using signal and background Λ+

c → pK0
S decay

candidates simulated using PYTHIA 6.4.25 [46] with the Perugia2011 tune [47],
and the underlying p–Pb event simulated with HIJING 1.36 [48]. Candidates
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obtained with the same reconstruction strategy previously described were prese-
lected using loose geometrical selections and PID selection on the bachelor proton
track. The model was trained independently for each pT interval analysed, with
input variables comprising the pT and Bayesian PID probability of the proton
track, the cτ and invariant mass of the K0

S, and the impact parameters of the Λ+
c

decay tracks to the primary vertex. This model was then applied on data, and
a selection on the output response was chosen based on the expected maximum
significance determined from simulations.

For both decay channels the yield of Λ+
c baryons was extracted in each pT

interval via fits to the candidate invariant-mass distributions. The fitting function
consisted of a Gaussian to estimate the signal and an exponential or polynomial
function to estimate the background. The width of the Gaussian was fixed in
each pT interval to values obtained from Monte Carlo simulations, and the mean
was treated as a free parameter. A statistical significance higher than 4 standard
deviations was achieved in all pT intervals.

6.6 Corrections

Several corrections were applied to the measurement of the Λ+
c cross section. The

geometrical acceptance of the detector as well as the selection and reconstruction
efficiencies for prompt Λ+

c were taken into account. These correction factors were
determined from pp collisions generated with PYTHIA 6 and PYTHIA 8.243 [49],
with each event including either a cc̄ or a bb̄ pair. For p–Pb collisions, this was
supplemented with an underlying event from the HIJING event generator. In
p–Pb collisions the efficiency was calculated after reweighting the events based
on their charged particle multiplicity. This accounts for the fact that the event
multiplicity in simulation does not reproduce the one in data, and the efficiency
depends on the multiplicity of the event as a consequence of the improvement of
the resolution of the primary vertex and thus of the performance of the topolog-
ical selections at higher multiplicities. The fraction of the Λ+

c yield originating
from beauty decays (feed-down) was obtained using the beauty-quark production
cross section from FONLL [5, 6], the fraction of beauty quarks that fragment into
beauty hadrons Hb from LHCb measurements [23], and Hb → Λ+

c + X decay kine-
matics from PYTHIA 8, as well as the selection and reconstruction efficiency of
Λ+

c from beauty-hadron decays. The fraction of the Λ+
c yield from beauty decays
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was found to be 2% at low pT and up to 16% at high pT, and was subtracted
from the measured yield. As done in the D-meson analysis [50], the possible
modification of beauty-hadron production in p–Pb collisions was included in the
feed-down calculation by scaling the beauty-quark production by a nuclear mod-
ification factor Rfeed-down

pPb , where it was assumed that Rfeed-down
pPb = Rprompt

pPb with
their ratio varied in the range 0.9 < Rfeed-down

pPb /Rprompt
pPb < 1.3 to evaluate the

systematic uncertainties.

6.7 Evaluation of systematic uncertainties

Systematic uncertainties on the Λ+
c cross sections were estimated considering the

same sources as described in [12]. The contributions from the raw-yield extraction
were evaluated by repeating the fits varying the fit interval and the functional
form of the background fit function. For each of these variations the four com-
binations of free and fixed Gaussian mean and width parameters of the fit were
considered. Overall, the relative uncertainty ranged from 4% to 11% depending
on the pT and analysis. The uncertainties on the track reconstruction efficiency
were estimated by adding in quadrature the uncertainty due to track quality se-
lection and the uncertainty due to the TPC-ITS matching efficiency (from 3% to
7%). The former is estimated by varying the track-quality selection criteria and
the latter is estimated by comparing the probability to match the tracks from the
TPC to the ITS hits in data and simulation. The uncertainty on the Λ+

c selection
efficiency was estimated by varying the selection on the kinematical and topo-
logical properties of the Λ+

c decays, or the selection on the BDT response (from
3% to 15%). The uncertainty on the PID efficiency was estimated by varying the
selection on the Bayesian probability variables (from 2% to 5%). The systematic
effect on the efficiencies due to the shape of the simulated Λ+

c pT distribution
was evaluated by reweighting the generated Λ+

c from PYTHIA 6 to match the
pT distribution obtained from FONLL calculations for D mesons (maximum 1%
uncertainty). The relative statistical uncertainty on the acceptance and efficiency
correction was considered as an additional systematic uncertainty source (from
1–2% at low pT to 3–5% at high pT). The uncertainties on fprompt were estimated
by varying the hypothesis on the production of Λ+

c from B-hadron decays to ac-
count for the theoretical uncertainties of b-quark production within FONLL and
experimental uncertainties on B-hadron fragmentation (around 2% at low pT, and
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from 4% to 7% at high pT, depending on the analysis). Global uncertainties of
the measurement include those from the luminosity and Λ+

c branching ratios. The
raw-yield extraction uncertainty source are considered to be uncorrelated across
pT bins, while all other sources are considered to be correlated.

The results in each collision system from the two Λ+
c decay channels were aver-

aged to obtain the final results. A weighted average of the results was calculated,
with weights defined as the inverse of the quadratic sum of the relative statistical
and uncorrelated systematic uncertainties. The sources of systematic uncertainty
assumed to be uncorrelated between different decay channels were those due to
the raw-yield extraction, the statistical uncertainties on the efficiency and accep-
tance, and those related to the Λ+

c selection. The remaining uncertainties were
assumed to be correlated, except the branching ratio uncertainties, which were
treated as partially correlated among the hadronic-decay modes as defined in [38].

6.8 Results
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Figure 6.1: Left: Prompt Λ+
c and D0 pT-differential cross section in pp colli-

sions and in p–Pb collisions at
√
sNN = 5.02 TeV. The results in p–Pb collisions

are scaled with the atomic mass number A of the Pb nucleus. Right: the Λ+
c /D

0

ratio as a function of pT measured in pp collisions at
√
s = 5.02 TeV compared

with theoretical predictions (see text for details). Statistical uncertainties are
shown as vertical bars, while systematic uncertainties are shown as boxes, and

the bin widths are shown as horizontal bars.

Figure 6.1 (left) shows a comparison of the Λ+
c pT-differential cross sections

in pp and in p–Pb collisions at
√
sNN = 5.02 TeV. The D0 pT-differential cross
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sections measured in the same collision systems and at the same centre-of-mass
energy during the same data taking periods [11, 51] are also shown. In order to
compare the spectral shapes in the two different collision systems at the same
energy, the results in p–Pb collisions are scaled by the atomic mass number of
the lead nucleus. For Λ+

c baryons the spectral shape in p–Pb collisions is slightly
harder than in pp collisions, while for D0 mesons the spectral shapes are fully
consistent within uncertainties.

Figure 6.1 (right) shows the baryon-to-meson ratio Λ+
c /D

0 measured in pp
collisions at

√
s = 5.02 TeV as a function of pT, compared to theoretical predic-

tions. The uncertainty on the luminosity cancels in the ratio. The Λ+
c /D

0 ratio
is measured to be 0.4–0.5 at low pT, and decreases to around 0.2 at high pT. The
previous results at

√
s = 7 TeV hinted at a decrease of the Λ+

c /D
0 ratio with pT,

although the precision was not enough to confirm this [12]. The results in pp

collisions at
√
s = 5.02 TeV, with much higher precision than

√
s = 7 TeV re-

sults, show a clear decrease with increasing pT. The strong pT-dependence of the
Λ+

c /D
0 ratio is in contrast with the ratios of strange and non-strange D mesons

in pp collisions at
√
s = 5.02 TeV and

√
s = 7 TeV [11, 52] and in p–Pb collisions

at
√
sNN = 5.02 TeV [51], which do not show a significant pT dependence within

uncertainties and thus indicate that there are no large differences between frag-
mentation functions of charm quarks to charm mesons. The result presented here
instead provides strong indications that the fragmentation functions of baryons
and mesons differ significantly.

The measured Λ+
c /D

0 ratios in pp collisions are compared with predictions
from several MC generators and models in which different hadronisation processes
are implemented. The PYTHIA 8 predictions include the Monash tune [13] and a
tune that implements colour reconnection beyond the leading-colour approxima-
tion, corresponding to CR Mode 2 as defined in [14]. Hadronisation in PYTHIA
is built on the Lund string fragmentation model [53, 54], where quarks and glu-
ons connected by colour strings fragment into hadrons, and colour reconnection
allows for partons created in the collision to interact via colour strings. The lat-
ter tune introduces new colour reconnection topologies beyond the leading-colour
approximation, including ‘junctions’ that fragment into baryons, leading to in-
creased baryon production. As a technical point, the PYTHIA 8 simulations are
generated with all soft QCD processes switched on [49]. The PYTHIA 8 Monash
tune and HERWIG 7.2 [16] predictions are driven by the fragmentation fraction
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f(c → Λ+
c ) implemented in these generators, which all suggest a relatively con-

stant Λ+
c /D

0 ratio versus pT of about 0.1, significantly underestimating the data
at low pT. At high pT, the data approach the predictions from these generators,
although the measurement in 8 < pT < 12 GeV/c is still underestimated by about
a factor of 2. A significant enhancement of the Λ+

c /D
0 ratio is seen with colour

reconnection beyond the leading-colour approximation (PYTHIA 8 CR Mode 2).
This prediction is consistent with the measured Λ+

c /D
0 ratio in pp collisions,

also reproducing the downward pT trend. The statistical hadronisation model
(‘SH model’ in the legend) [20] uses either an underlying charm-baryon spectrum
taken from the PDG, or includes additional excited charm baryons that have not
yet been observed but are predicted by the RQM. These additional states de-
cay strongly to Λ+

c baryons, which contribute to the prompt Λ+
c spectrum. The

RQM predictions include a source of uncertainty related to the branching ratios
of the excited baryon states into Λ+

c final states, which is estimated by varying the
branching ratios between 50% and 100%. With the PDG charm-baryon spectrum
the model underpredicts the data. With the additional baryon states the model
instead gives a good description of the pp data, both in the magnitude of the
ratio, and the decreasing trend with pT. The Catania model [37] assumes that a
colour-deconfined state of matter is formed and hadronisation can occur via co-
alescence in addition to fragmentation. Coalescence is implemented through the
Wigner formalism, where a blast wave model is used to determine the pT spec-
trum of light quarks and FONLL pQCD calculations are used for heavy quarks.
Hadronisation via coalescence is predicted to dominate at low pT, while fragmen-
tation dominates at high pT. This model provides a good description of both the
magnitude and shape of the data over the full pT range.

Figure 6.2 shows the Λ+
c /D

0 baryon-to-meson ratio measured in pp collisions
at
√
s = 5.02 TeV (left) and in p–Pb collisions at

√
sNN = 5.02 TeV (right) as

a function of pT, compared to baryon-to-meson ratios in the light-flavour sector,
Λ/K0

S [26, 55] and p/π [32, 56] (calculated as the sum of both charged particles
and antiparticles, (p + p̄)/(π+ + π−)). The p/π ratio in pp collisions is shown
at both

√
s = 5.02 TeV and

√
s = 7 TeV, displaying consistent results at both

centre-of-mass energies, while the Λ/K0
S ratio in pp collisions is shown only at

√
s = 7 TeV. Unlike heavy-flavour hadron production, which occurs primarily

through the fragmentation of a charm quark produced in the initial hard scatter-
ing, light-flavour hadrons have a significant contribution from gluon fragmenta-
tion. Low-pT light-flavour hadrons also primarily originate from soft scattering
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Figure 6.2: The charm baryon-to-meson ratio Λ+
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√
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S and p/π. Statistical uncertainties are shown as

vertical bars, while systematic uncertainties are shown as boxes, and the bin
widths are shown as horizontal bars.

processes involving small momentum transfers. All particle yields in these ratios
were corrected for feed-down from weak decays, although the pion spectrum is
expected to have significant feed-down contributions also from the strong decays
of other particle species, primarily ρ and ω mesons. Despite these differences, the
three ratios, Λ+

c /D
0, Λ/K0

S, and p/π demonstrate some remarkably similar char-
acteristics in both collision systems. All ratios exhibit a decreasing trend after
pT & 2–3 GeV/c. The Λ+

c /D
0 and Λ/K0

S ratios are consistent, in terms of both
shape and magnitude, within uncertainties. The light-flavour ratios both peak at
∼2–3 GeV/c in both pp and p–Pb collisions, and there is an indication of a peak
at 2 < pT < 4 GeV/c in the Λ+

c /D
0 ratio in p–Pb collisions. These similarities

between heavy-flavour and light-flavour measurements hint at a potential com-
mon mechanism for light- and charm-baryon formation in pp and p–Pb collisions
at LHC energies. It is interesting to note that all baryon-to-meson ratios also
indicate a shift toward higher momenta in p–Pb collisions, which for light-flavour
particle production is often attributed to radial flow [55]. However, while flow
effects in the charm sector (D0 and heavy-flavour decay leptons) have been ob-
served in high-multiplicity p–Pb collisions [57, 58], these effects are expected to
be smaller at lower multiplicities, and also smaller for charm than for light-flavour
hadrons.
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6.9 Conclusions

In summary, Λ+
c -baryon production was measured in pp collisions at midrapidity

(|y| < 0.5) and in p–Pb collisions in the rapidity interval −0.96 < y < 0.04 at
√
sNN = 5.02 TeV. A clear pT-dependence of the Λ+

c /D0 ratio is reported, with
the ratio decreasing as the pT increases. This trend is similar to that of baryon-
to-meson ratios measured in the light-flavour sector in pp and p–Pb collisions,
suggesting common mechanisms for light- and charm-baryon formation. While
models incorporating fragmentation parameters from e+e− and e−p collisions sig-
nificantly underestimate the Λ+

c /D
0 ratio, three models can reproduce the mea-

surements. The first is a tune of PYTHIA 8 which considers that, in pp collisions
at high energy, multi-parton interactions produce a rich hadronic environment
that requires an extension of colour reconnection in hadronisation processes be-
yond the leading-colour approximation. The second method is the SH+RQM
model, which relies on the presence of a large set of yet-unobserved higher-mass
charm-baryon states with relative yields following the Statistical Hadronisation
model. The third relies on hadronisation via coalescence and fragmentation after
the formation of a colour-deconfined state of matter. All three models imply a
substantially different description of the charm-baryon production in pp collisions
with respect to e+e− and e−p collisions, indicating that the assumption of uni-
versal parton-to-hadron fragmentation between collision systems is not sufficient
to describe charm-baryon production.
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Chapter 7

Conclusion and Future Perspectives

The pT-differential cross section for the charmed baryon Λ+
c , in the Λ+

c → pK−π+

decay channel, has been measured in the transverse momentum ranges 1 < pT <
12 GeV/c in pp collisions and 2 < pT < 24 GeV/c in p–Pb collisions at

√
sNN

= 5.02 TeV with the ALICE detector. These new measurements improve upon
the previous measurements performed with the LHC Run 1 data by extending
the measured pT range, using finer pT intervals, and confirming trends previously
hinted at by the RUN 1 analysis.

The measured cross sections in both pp and p-Pb collisions are shown to be
underestimated by predictions given by Monte Carlo generators or calculated
with perturbative QCD. In pp collisions, the predictions that implement colour
reconnection [1] give a better description than the prediction based on e+e− data
[2], which strongly underestimates the cross section (by a factor of 12 at low pT).
The POWHEG [3] and GM-VFNS [4] predictions similarly underestimate the
data, but the GM-VFNS prediction offers a better description. All predictions
give worsening descriptions with decreasing pT.

The measured baryon-to-meson ratio Λ+
c /D

0, obtained from the measured
production cross sections, for both pp and p–Pb collisions is seen to have a clear
decreasing trend for pT > 2 GeV/c, where at high pT the ratio becomes equal
to 0.2. The baryon-to-meson ratio in p–Pb collisions is lower in the 1 < pT < 2
GeV/c range and higher in the 3 < pT < 8 GeV/c relative to pp collisions. The
baryon-to-meson ratio Λ+

c /D
0 is found to be larger than previous measurements in

e+e− and e−p experiments and underestimated by any predictions tuned on e+e−

data [2]. This is an indication that the fragmentation fractions of charm quarks
into charmed baryons differs between collision systems. A better description is
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given by models that include an additional enhancement mechanism (colour re-
connection [1], additional excited baryon states [5], or coalescence [6]) for charmed
baryon production, although greater precision is needed to discriminate between
the models. Comparisons between the results in p-Pb and results from LHCb [7]
indicate an enhancement at midrapidity with respect to forward and backward
rapidities. In comparisons with light-flavour baryon-to-meson ratios [8, 9, 10]
similar qualitative characteristics are observed.

The nuclear modification factor RpPb of Λ+
c baryons, obtained from the mea-

sured production cross sections in both pp and p–Pb collisions, can be seen to be
lower than unity in the 1 < pT < 2 GeV/c range and higher at pT > 2 GeV/c,
peaking in the 5 < pT < 6 GeV/c region. The nuclear modification factor RpPb of
Λ+

c baryons was also compared against D-meson measurements and theory pre-
dictions. The Λ+

c RpPb is largely consistent with the D-meson measurement [11],
although the Λ+

c measurement is notably larger in the 4 < pT < 8 GeV/c range.
Greater precision is needed to determine the contribution of cold nuclear matter
effects [3] or hot-medium effects [12] described by theoretical models.

In LHC Run 2, there have been a number of other charmed baryons that
have been measured with the ALICE detector. These include measurements of
the Ξ−c [13], Ξ0

c [14], and Σ0,+,++
c [15]. These measurements all show a similar en-

hanced production with respect to e+e− and e−p measurements. These additional
measurements complement the measurements detailed in this thesis, introducing
additional constraints by the measuring the contribution to feed-down into the
Λ+

c state from the decay of the Σc, or by studying the production of charmed
baryons containing an additional strange component, such as in the case of the
Ξc. The pT-integrated charm fragmentation fractions and the total cc̄ cross section
at mid-rapidity have recently been measured [16], combining the measurement of
Λ+

c production presented in this thesis with measurements of the Ξc baryons and
D-mesons at

√
s = 5.02 TeV. The most recent measurement of the cc̄ cross sec-

tion is about 40% higher than the previous measurement [17] where it had been
previously assumed that fragmentation fractions in e+e− and e−p matched those
in hadronic collisions and that the Ξc contribution to the cc̄ cross section was
small.

Future measurements of the Λ+
c baryon and other charmed baryons planned

during the upcoming Run 3 data taking period of the LHC will hopefully provide
further insight into charmed baryon production with the enhanced precision of
the newly upgraded ALICE detector [18]. Improvements made to the vertexing
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and tracking at low pT by the upgrades during LHC Long Shutdown 2 will be
needed to investigate model predictions for the thermalisation, energy loss, and
azimuthal-flow anisotropy of charmed particles.
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