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1 Introduction

Multiparticle production in the process of hadronization has been investigated for six
decades but its nature is still not fully understood. The Hanbury Brown-Twiss (HBT)
intensity interferometry [1–3] is the main tool to study the space-time properties of the
hadron emission volume. In the case of joint production of identical bosons the HBT in-
terference effect results in Bose-Einstein Correlations (BEC), while in the case of fermions
it is referred to as Fermi-Dirac Correlations (FDC). The correlations measure the scales
that are referred to as lengths of homogeneity [4, 5], which correspond to a limited region
of the particle-emitting source surface. Measurement of correlations of identical particles
can provide insight into the evolution of the hadron source. In particular, small systems,
such as those produced in proton-ion (pA) collisions, are interesting because their lifetimes
are significantly shorter than those in heavy-ion (AA) collisions, thus providing a better
probe of the early system dynamics and the initial geometry.

Since the first observation of quantum interference effects in identically charged pions
produced in proton-antiproton collisions [6], such effects have been investigated by many
different experiments, e.g. at the Berkeley Bevalac [7], AGS [8], ISR [9–11], SPS [12–14],
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LEP [15–30], RHIC [31–43], LHC [44–62] and others [63, 64]. The sizes of the studied sys-
tems vary tremendously, from e+e− collisions at LEP to AuAu collisions at RHIC and PbPb
beams at LHC. At the LHC alone, the HBT effect has been investigated in proton-proton
(pp) [44–57], proton-lead (pPb) [54–60] and lead-lead (PbPb) [53–56, 60–62] systems.

In this paper, the first study of the BEC effect in pPb and Pbp collisions in the forward
rapidity region is presented. The LHCb detector has the potential to measure quantum
interference effects in the forward region, and therefore to provide complementary results
to those from the other LHC experiments in the central rapidity region. This allows to
study the dependence of the quantum interference effects upon various observables, and it
provides insight into the particle production process in the forward direction, useful for the
development of theoretical models.

2 Analysis method

The BEC or FDC effects are the result of the quantum statistics, caused by the symmetriza-
tion (antisymmetrization) of the wave function describing a system of bosons (fermions).
Such correlations are examined by measuring a two-particle correlation function, defined
as the ratio of the inclusive density distribution for two particles and the so-called reference
density. The latter is a two-particle density distribution that approximates the distribution
without the BEC or FDC effects. The present study is based on the assumption of static,
spherically-symmetric sources that can be characterized by univariate distributions. This
class of sources is commonly used in HBT analyses, since the measured correlation radii
in this case can be interpreted as the effective size of the particle-emitting source at the
kinetic freeze-out [65, 66].

2.1 Correlation function

In order to investigate the space-time evolution of the hadronization source, the correlation
function is commonly studied using the Lorentz-invariant variable Q [67], which is related
to the difference in the four-momenta q1 and q2 of two indistinguishable particles of rest
mass m,

Q ≡
√
− (q1 − q2)2 =

√
M2 − 4m2 . (2.1)

This gives a measure of the phase-space separation of the two-particle system of invariant
mass M . A two-particle correlation function C2 is constructed as the ratio of the Q

distributions for signal and reference pairs

C2(Q) =
(

N ref

N sig

)(
dN sig(Q) / dQ

dN ref(Q) / dQ

)
, (2.2)

where N sig and N ref correspond to the number of signal and reference pairs, respectively,
obtained from an integral of the relevant Q distributions. Signal pairs are formed from
selected same-sign (SS) charged particles that originate from the same collision vertex
where the Bose-Einstein correlations are expected. The reference pairs are pairs of pions
which reproduce as closely as possible the kinematics and various effects present in the

– 2 –



J
H
E
P
0
9
(
2
0
2
3
)
1
7
2

signal, except for the BEC effect. The correlation function is constructed as a ratio to
cancel the effects related to the detection efficiency.

There are several methods to obtain a reference sample. It can be constructed using
experimental data, or with simulated events incorporating the detector interactions. In
this study, a data-driven reference sample is constructed by collecting pairs of particles
originating from different collision events (a so-called event-mixing method), where the
BEC effect cannot be present. The reference pairs are selected in the similar way as the
signal ones to ensure that the signal kinematic distributions are reproduced as closely
as possible. Additional requirements are imposed to combine particles originating from
different events with similar properties and to further improve the agreement between the
signal and reference samples. Particles in the reference pairs are required to originate
from primary vertices with a comparable multiplicity of tracks reconstructed in the vertex
detector. Event-mixing candidates for the current event are provided by creating a pool of
selected particles from ten different events and splitting them into intervals of multiplicity
and the coordinate of the primary vertex (PV) along the beam direction zP V . Then, for
each signal pair in a PV with a given (multiplicity, zP V ) interval, a random particle is
chosen from the relevant interval in the pool to create a reference pair with the particle in
the signal pair. Candidate particles to create pairs are grouped into multiplicity bins of
width of three. The distance between the two PVs associated with the two particles in the
same reference pair must be smaller than 10 mm in the z direction to provide consistent
detector acceptance effects for both particles.

The two-particle correlation function associated with a general class of particle sources
can be described by the so-called symmetric Lévy-stable distributions [68]. In the case of
static, univariate sources, the Lévy-type correlation function is expressed as

C2,BEC (Q) = 1 + e−|RQ|αL
, (2.3)

where R denotes the correlation radius, and αL is a parameter that can take values in
the range 0 < αL < 2 and is referred to as a Lévy index of stability. Frequently, to
enable comparison of the correlation parameters between experiments and between different
collision systems, including a measurement by LHCb in pp collisions [52], αL is fixed to
one, leading to the simplified expression:

C2,BEC (Q) = 1 + e−|RQ| . (2.4)

This parametrization enables the measured correlation radius to be interpreted as the
effective size of the particle-emitting source.

2.2 Final state interactions and nonfemtoscopic effects

Final state interactions (FSI) resulting from the strong and electromagnetic forces can
affect the observed two-particle correlations. The effects of the strong interaction in the
case of pions is relatively small [69] and is usually neglected in BEC studies. The most
notable effect is Coulomb repulsion related to the same-sign electric charge of the studied
particles, especially in the low-Q region. A general expression for the Coulomb interaction
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term for point-like sources [69–71], K(Q), is equivalent to the so-called Gamov factor [72]
for same-sign (SS) and opposite-sign (OS) pairs:

KSS
Gamov(ζ) = 2πζ

e2πζ − 1 , KOS
Gamov(ζ) = 2πζ

1 − e−2πζ
, (2.5)

where ζ = αm / Q, α is the fine-structure constant and m is the particle’s rest mass. For
SS particles, a repulsive interaction leads to a decrease in the correlation function, which
is most prominent for low Q-values. In the case of OS pairs, this effect is reversed and an
enhancement is observed. The OS sample is useful to parametrize the background related
to the cluster contribution, as explained later.

In the present analysis a parametrization developed by the CMS experiment [56], valid
for the Lévy-type sources with αL equal to unity, is used to account for the final-state
Coulomb interactions between the particles in the SS and OS pairs

K(Q) = KGamov(Q)
(

1 + απmReff
1.26 + QReff

)
, (2.6)

where Reff corresponds to the effective size of the particle-emitting source and is provided
in femtometres. The additional term with Reff represents a correction to the Gamov fac-
tor that enables a more precise characterization of the Coulomb interaction for extended
sources.

The correlation function shape is distorted by the presence of various nonfemtoscopic1

effects. There is no strict, theory-motivated description of such contributions, and differ-
ent strategies can be applied to take them into account in the analysis (see section 5).
Long-range correlations, being one of nonfemtoscopic effects related mostly to the energy-
momentum conservation, are present in the full Q range, but are most prominent at
the high-Q values (∼ Q > 1 GeV),2 far from the BEC-signal region. Although different
parametrizations can be employed, a simple term linear in Q is usually optimal to charac-
terize this contribution and is therefore commonly used [73, 74].

Cluster contribution [56] is another prominent component of the nonfemtoscopic back-
ground, related to the effects of particles emitted inside low-momentum mini-jets and
multibody decays of resonances. It is difficult to correct for the long-range correlations,
as these are present dominantly in the range Q < 0.5–1.0 GeV that overlaps with the
BEC signal. Constructing a correlation function for OS pairs can be particularly useful
in the background studies, since similar effects can be expected for both the SS and OS
pairs. Special care must be taken when investigating OS pairs, due to structures related
to two-body decays of resonances, arising in the correlation function.

Nonfemtoscopic background effects in the present analysis (in particular the cluster
contribution) are studied and parametrized using the OS correlation functions. A cluster
subtraction (CS) method, which was developed by the CMS experiment [46, 56], is em-
ployed for this purpose. This technique represents a fully data-driven approach. In the CS
method, the shape parameters of the chosen function for the background description (e.g.

1Femtoscopic effects are those observed at the Fermi scale.
2If not indicated otherwise natural units with c = 1 are used.
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the width of a Gaussian distribution) are determined from the OS fits. The background
shape parameters in the SS fits are fixed to the values determined by studying the OS
pairs, with an additional scaling parameter that is introduced to account for the different
amplitudes of the cluster contribution in the SS and OS correlation functions.

2.3 Fitting method

The correlation function, including electromagnetic effects and the nonfemoscopic back-
ground, is parameterized using the Bowler-Sinyukov formalism [69, 70], as

C2(Q) = N
[
1 − λ + λK(Q) ×

(
1 + e−|RQ|

)]
× Ω(Q) , (2.7)

where N is a normalization factor and Ω(Q) is a general term for the nonfemtoscopic back-
ground contribution, as described later. The intercept parameter, λ, corresponds to the
extrapolated value of the correlation function at Q = 0 GeV [65]. This observable can be in-
terpreted within the core-halo model [75], which assumes that the particle emission can take
place in a central core or in an extended halo originating from long-lived resonance decays.

Contents of the bins in both the signal and reference Q-variable histograms are Poisson-
distributed, and hence a negative log-likelihood fit method is preferable for the BEC stud-
ies [8, 59]. In this approach, the following expression is minimized in the fitting procedure:

−2 ln L = 2
∑

i

{
Ai ln

[ (1 + C2i) Ai

C2i (Ai + Bi + 2)

]
+ (Bi + 2) ln

[(1 + C2i) (Bi + 2)
Ai + Bi + 2

]}
, (2.8)

where Ai and Bi are the bin contents of the signal and reference Q histograms and C2i

corresponds to the fitted value of the correlation function at the Q-bin centre.

3 Detector and dataset

The LHCb detector [76, 77] is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex de-
tector (VELO) surrounding the interaction region [78], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes [79] placed downstream of the magnet.
The tracking system provides a measurement of the momentum, p, of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV. The
minimum distance of a track to a primary collision vertex (PV), the impact parameter, is
measured with a resolution of (15 + 29/ pT) µm, where pT is the component of the momen-
tum transverse to the beam, in GeV. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors [80]. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a sys-
tem composed of alternating layers of iron and multiwire proportional chambers [81]. The
trigger [82] consists of a hardware stage, based on information from the calorimeter and
muon systems, followed by a software stage, which applies a full event reconstruction.
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In the present analysis, a dataset of minimum-bias triggered events collected in pPb
collisions recorded in 2013 at a nucleon-nucleon centre-of-mass energy √

sNN = 5.02 TeV is
used, with 4 and 1.58 TeV beam energies, respectively. Two collision modes were used in
this data-taking period with the beam directions reversed, which permits the study of pPb
collisions both in the forward and backward rapidity regions. The recorded pPb and Pbp

samples correspond to integrated luminosities of 1.06 nb−1 and 0.52 nb−1, respectively. As
only a fraction of ∼ 10−5 of the collisions corresponds to multiple interactions, a dedicated
selection requirement is applied to accept only the events with a single primary vertex. The
data samples available in the current study after selection described in section 4 corresponds
to ∼ 6.3 × 107 (5.7 × 107) events for the pPb (Pbp) collisions.

Simulation samples corresponding to the 2013 pPb data-taking conditions are produced
using the EPOS-LHC [83] generator, with a specific LHCb configuration [84]. Decays of
hadronic particles are described by EvtGen [85], in which final-state radiation is generated
using Photos [86]. The interaction of the generated particles with the detector and its
response are implemented using the Geant4 toolkit [87, 88], as described in [89]. The BEC
effect is not activated in the simulation. Each of the pPb and Pbp simulated dataset con-
tains ∼ 1.2×107 events after selection, with the number of interactions per bunch crossing
fixed to unity. The simulation samples are used mainly for the event-selection optimization,
while the background modelling is performed with a purely data-driven approach.

4 Event selection

The data samples are divided into bins of the multiplicity of tracks reconstructed in the
vertex detector (VELO tracks) assigned to a PV (NVELO), which is used as a proxy vari-
able to describe the total charged-particle multiplicity produced at the PV. The division
is optimized to obtain a high number of bins with enough entries to perform the measure-
ment (see appendix A). The chosen binning scheme is presented in table 1, together with
approximate fractions of the respective sample corresponding to the given bin.

Event selections are first applied to single-pion candidates. All pion candidates must
have reconstructed track segments in both the VELO detector and tracking stations down-
stream of the magnet, have no matching tracks in the muon stations, and be in the pseudo-
rapidity range 2 < η < 5. Each track must have a good track-fit quality and pT > 0.1 GeV.
To suppress the contribution from secondary pions (those not associated to a PV), the im-
pact parameter is required to be less than 0.4 mm. Furthermore, the PV is required to be
located within −160 < zPV < 60 mm.

The particle identification (PID) is based on the output of a neural network employing
subdetector information that quantifies the probability ProbNN for a particle to be of a
certain kind [80]. The simulated quantities are corrected using PID calibration samples in
data [90]. Effects of PID correlations between particles are considered. It is important to
ensure a sample with high purity, but a strict requirement on ProbNN(π) variable may also
strongly affect the signal region of the correlation function, by suppressing low-momentum
pions that contribute to the BEC effect. The nominal requirement of ProbNN(π) > 0.65
is imposed to make this analysis consistent with the previous analysis for pp collisions [52].

– 6 –



J
H
E
P
0
9
(
2
0
2
3
)
1
7
2

Sample fraction [%]
bin# NVELO pPb Pbp

1 5–9 < 2 < 2
2 10–14 2 2
3 15–19 4 2
4 20–24 7 3
5 25–29 10 4
6 30–34 13 5
7 35–39 14 6
8 40–44 10 5
9 45–49 10 6
10 50–54 8 6
11 55–59 7 7
12 60–64 5 6
13 65–79 6 15
14 80–89 — 7
15 90–99 — 7
16 100–114 — 6
17 115–139 — 7
18 140–179 — 4

Table 1. Ranges of the VELO-track multiplicity bins in the pPb and Pbp datasets. An approximate
fraction of the relevant data sample corresponding to the given bin is also indicated.

Varying this requirement from 0.5 to 0.8 shows no significant changes in the measured
correlation function.

Contamination from incorrectly reconstructed particles can influence the measured
Bose-Einstein correlations effect. Cloned tracks, being multiple tracks reconstructed from
hits that were deposited by a single charged particle, are especially detrimental as they are
present mostly in the low-Q region (Q < 1.0 GeV), where the BEC signal is expected, ap-
pearing as a pair of almost identical, seemingly correlated, particles. To control this effect,
the slopes of the track are studied. The cloned tracks usually share a very similar trajectory,
hence the differences in the relevant slopes in a particle pair (∆tx = px1 / pz1 − px2 / pz2

and ∆ty = py1 / pz1 − py2 / pz2) tend to be small. A requirement is imposed to limit this
contribution, i.e. if both |∆tx | and |∆ty | values are smaller than 0.3×10−3, then the pair
is discarded. After applying these requirements, the effect of the clone particles is found to
be negligible in the region Q > 0.05 GeV. In order to further reduce the contamination from
cloned tracks and fake tracks (which do not correspond to any particle trajectory, but are re-
constructed from a number of unrelated hits), in the case where the tracks share all the same
hits deposited in the VELO subdetector, only the track with the best χ2/ndf is retained.
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The study of the correlations is limited to the Q range from 0.05 to 2.0 GeV. In the
region with very low Q (< 0.05 GeV) the separation in the momentum between the particles
is poor and the discrepancy between simulation and data grows as Q vanishes. Furthermore,
investigations using simulation indicate that there is a significant fraction of pion pairs
containing fake tracks and cloned tracks in the region Q < 0.05 GeV for all multiplicity bins.

5 Fitting correlation functions

Correlation functions for both the SS and OS pairs are constructed for Q values between
0.05-2.0 GeV with a bin width of 0.005 GeV. This particular choice enhances consistency
with the study performed for pp collisions [52] and allows a direct comparison of the results
of the two analyses. The correlation function for the SS pairs is studied by fitting the Q

spectrum using eq. (2.7). The effective radius Reff in eq. (2.6) is set to 2 fm, based on the
expected correlation radii. The description of nonfemtoscopic background effects is found
using the correlation function for the OS pairs. The resulting contribution is then scaled
and fixed in the final fits to the SS correlation functions, as explained in detail below.

The presence of structures related to intermediate states, such as ρ0(770), K0
S(497),

f0(980), f2(1270), in the OS correlation functions degrades the quality of the fit from which
the nonfemtoscopic background parameters are determined. Therefore, the affected regions
are removed from the fit to the correlation function. The boundaries of the removed regions
are optimized to provide a good quality of fits to the correlation function for OS pairs, and
the choice of particular boundary values is accounted for in the study of the systematic
uncertainties. It is worth noting that the impact of resonances is most prominent in the
bins with low NVELO values. The observed structures quickly diminish with increasing
multiplicity due to a prevailing contribution from pairs of unrelated particles.

As it has been already mentioned, the OS correlation functions contain similar effects as
the SS ones (apart from the BEC signal) and can be used to investigate the nonfemtoscopic
background contribution. A satisfactory description of the data is found using a Gaussian
parametrization for the cluster contribution [56]

Ω(Q) = (1 + δQ) ×
[
1 + z

Abkg

σbkg
√

2π
exp

(
− Q2

2σ2
bkg

)]
, (5.1)

where the term linear in δ corresponds to the long-range correlations and the z parameter
(fixed to unity in the OS fits) is a factor used for the background scaling between OS
and SS pairs. The width σbkg and amplitude Abkg are multiplicity-dependent values that
characterize the cluster contribution and are parametrized as [46, 56]

σbkg (NVELO) = σ0 + σ1 exp
(
−NVELO

N0

)
, (5.2)

Abkg (NVELO) = A0
(NVELO)nA

. (5.3)

The fits to the correlation functions for OS pairs are performed simultaneously in all multi-
plicity bins available in the given sample (separately for the pPb and Pbp datasets). In this
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Figure 1. Example of the OS correlation functions in individual NVELO bins together with
the global fit using eq. (5.1) to parametrize the cluster contribution. The results are shown for
(left) a moderate-multiplicity region (35 ⩽ NVELO < 40) of the pPb and (right) a high-multiplicity
regime (100 ⩽ NVELO < 115) of the Pbp dataset. Only statistical uncertainties are shown.

procedure, the parameters from eqs. (5.2) and (5.3) are common for all bins, while the N

and δ values (eqs. (2.7) and (5.1) respectively) are left free for each correlation function. A
negative log-likelihood function (see eq. (2.8)) is constructed for all the NVELO bins in the
given dataset and minimized globally to obtain the best description of the data. The lower
Q fit range for the OS pairs is limited with respect to the SS ones, due to a significant con-
tribution of multibody resonance decays in the very low Q region [46, 59]. The global fits
are performed for Q > 0.25 GeV. Also, as it is found that the best stability of the global fits
is obtained with a fixed value of the N0 parameter from eq. (5.2), its value is set to 15 based
on the fit results for the entire pPb dataset obtained with this parameter left free. Results
of the global fits to the OS correlation functions for the pPb and Pbp data are shown in fig-
ure 1 and summarized in table 2. The quality of the fits is evaluated through the normalized
Baker-Cousin likelihood ratio [91] corresponding to the final value of the function minimized
in the fitting procedure (see eq. (2.8)), divided by the number of degrees of freedom in the fit
(∼2 for both pPb and Pbp). It is worth noting that the fit quality in BEC studies is not
expected to be perfect. Due to the ad hoc descriptions of the unknown nonfemtoscopic back-
ground contribution as well as the compromise between the fit quality and interpretability of
the measured correlation parameters, the obtained χ2/ndf values are often larger than unity.

The cluster contribution is expected to be larger for the OS pairs than for the SS
ones due to the charge conservation in processes contributing to the cluster formation. For
this reason, the amplitude of the cluster contribution for the SS correlation functions is
multiplied by the scaling factor z (see eq. (5.1)). To obtain a uniform background scaling
across the NVELO, this value is parametrized using a theoretically motivated form based
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Dataset A0 [GeV] nA σ0 [GeV] σ1 [GeV]
pPb 2.838 ± 0.109 0.8438 ± 0.0111 0.4799 ± 0.0018 0.1744 ± 0.0060
Pbp 1.107 ± 0.022 0.5036 ± 0.0049 0.5613 ± 0.0013 0.0 ± 10−3

Table 2. Results of the global fits to the OS correlation functions using eq. (5.1) to parametrize
the cluster contribution in the pPb and Pbp data.

on the ratio of SS and OS pair combinatorics [56]

z(NVELO) = aNVELO + b

1 + aNVELO + b
, (5.4)

where a and b are parameters that vary freely in the fit. Results of fits using eq. (5.4) to
determine the parametrization of the background scaling between the correlation functions
for OS and SS pairs give a = 0.044±0.004 (0.075±0.007) and b = 1.86±0.12 (3.12±0.27)
for pPb (Pbp).

6 Systematic uncertainties

Several sources of the systematic uncertainties are studied. The values determined for
each of the sources are summarized in table 3, where each input is assessed by taking the
difference between the refitted correlation parameters and the baseline results, excluding
the sources that proved to be negligible. The general approach to determine the systematic
uncertainty is to repeat the analysis procedure with appropriate modifications introduced to
evaluate the contribution in question. Some NVELO bins display an outlying uncertainty
of the correlation parameters, which is not representative of the other NVELO regions,
nevertheless they are shown in the final results.

The leading source of systematic uncertainty is due to the parametrization of non-
femtoscopic background in the correlation function. It contains the effect related to the
removal of the structures induced by two-body resonance decays from the fits to the OS
correlation function. The impact of the particular choice of those limits is investigated by
repeating the analysis with the widths of the defined regions increased and decreased by
20%. This value was already optimized in similar analyses performed by other experiments
(e.g. ref. [59]). Another effect in the determination of the cluster contribution is related to
the choice of the range of the correlation function fits to the OS data, which is studied by
varying its values within 10%, leading to the similar range variation as for the SS fit.

The impact of the N0 value on the final correlation parameters is investigated by vary-
ing this value within ∼30%, i.e. from 10 to 20. The chosen value represents a conservative
approach, as the systematic uncertainty related to N0 value is minor with respect to other
sources. The scaling of the cluster contribution amplitude between the OS and SS pairs is
found to be the dominant contribution to the systematic uncertainty, reaching up to 9%
(11%) for the R (λ) parameter. This was investigated by shifting the nominal parametriza-
tions of the background scaling (see eq. (5.3)) determined for the central results by ±0.15
before using them in the final SS fits to investigate the influence of this procedure on
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pPb dataset Pbp dataset
Contribution σsyst(R) [%] σsyst(λ) [%] σsyst(R) [%] σsyst(λ) [%]
Background scaling 4.5–9.0 3.5–11.0 4.5–6.5 3.0–9.5
Background fit range 1.0–3.0 0.5–3.5 2.0–3.5 0.5–4.0
Background fit — fixed N0 0.5–3.0 0.5–3.0 < 0.5 < 0.5
Background fit — resonances 0.5–4.0 0.5–4.0 1.5–3.0 0.5–3.5
PID optimisation 0.5–1.5 0.5–5.0 0.5–10.5 0.5–8.5
Fake tracks 0.5–5.5 1.0–8.0 0.5–4.5 0.5–8.0
Requirement on zPV 0.5–1.5 0.5–3.0 0.5–2.0 0.5–3.5
Coulomb correction 0.5–1.5 1.0–2.5 0.5–2.0 0.5–3.0
SS fit range (min) 1.5–5.0 1.0–8.5 0.5–3.5 0.5–5.5
SS fit range (max) 0.5–1.0 0.5–2.0 0.5–2.0 0.5–3.0
Reference sample 0.5–2.0 0.5–3.0 0.5–2.0 0.5–4.0
Total 6.0–12.0 6.0–16.5 6.5–12.0 5.0–16.0

Table 3. Systematic uncertainties on the R and λ parameters. The listed ranges correspond to
the lowest and highest values of the given input determined across most of the NVELO bins in
the pPb and Pbp samples (see the description in text for details). Negligible contributions are not
listed. The total uncertainty is a quadratic sum of the individual inputs.

the measured correlation parameters. Those values are chosen to comprise most of the
individual results with the z parameter left free in fits to the SS correlation function.

Systematic uncertainties related to the selection criteria involve the contribution re-
lated to the pion identification, which is based on the ProbNN(π) variable, by changing
the requirement to increase the misidentified pions in the sample by ∼50% with respect to
the final selection. Another contribution is related to the misreconstructed tracks, which
may degrade the purity of the selected pion sample and affect the final results. The mis-
reconstructed tracks (mostly the clone ones) that could directly contribute to the SS pairs
in the BEC-signal region are well controlled in the data (see section 4), so no uncertainty
is assigned to the clone tracks. A dedicated study is performed to evaluate the impact of
additional fake tracks in the sample by modifying the selection requirement on the proba-
bility for a particle to be a fake track from 0.25 to 0.50 (which corresponds to the maximum
value available in the dataset after the preselection). The fractions of fake tracks in the
selected pion sample and of signal pairs containing a fake track (values determined using
the simulation) for those two criteria are ≤1% (see table 4).

The contributions of the fake tracks and the pion selection criteria optimization to
the systematic uncertainty are calculated as the absolute difference between the results
obtained with the modified selection requirements and the central ones. In a limited number
of bins, those inputs constitute the most important contributions to the total systematic
uncertainty, together with the one related to the background scaling.
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Single particle [%] Particle pair [%]
Probability to be a fake track pPb Pbp pPb Pbp

< 0.25 0.51 0.43 1.06 0.81
< 0.50 0.57 0.48 1.19 0.91

Table 4. Fractions of fake tracks in the selected pion sample and in the signal pairs (with Q

values restricted to the Q < 1.0 GeV region) containing a fake track in the pPb and Pbp datasets.
The values are determined using the simulation.

Final-state Coulomb interactions for both the SS and OS pairs are taken into account
in the fits to correlation functions. A simple proportionality Reff = ϵR is assumed [59]
and the ϵ values are varied between 0.5 and 2.0. This leads to the final values of Reff
corresponding to 0.5 fm and 8.0 fm, which are used to evaluate the systematic uncertainty
related to the correction for Coulomb interactions.

The range and binning used in the fit to the correlation functions for SS pairs can
affect the final results. The impact from the boundary in the low-Q region is evaluated
by altering it within 20%, which corresponds to the values of 0.04 and 0.06 GeV. A similar
procedure is implemented for the fit boundary at high-Q values, where the modification at
the level of 10% is applied, leading to the upper fit range being limited to 1.8 and extended
to 2.2 GeV. The smaller relative variation in the case of the upper fit range is motivated to
stay within the range where the used parametrization describes correctly the effect related
to the long-range correlations. Both contributions to the systematic uncertainty associated
with the SS fit range are found to be relatively small. The systematic uncertainty related
to the binning of the Q variable in the correlation function is determined by doubling the
bin width from the nominal 0.005 GeV to 0.010 GeV. The impact of this modification on
the measured correlation parameters is negligible.

The construction of the reference sample is one of the basic aspects of the BEC analyses.
The potential impact of the event-mixing implementation on the correlation parameters is
assessed by varying the number of candidates available for the mixing, which is a parameter
that can be tuned in the procedure. The nominal value of the number of candidates equal
to 10 is changed to 50 and 100, and the analysis is repeated using the updated settings.
The final contribution from the event-mixing to the systematic uncertainty is found to be
small (see table 3).

7 Results

The correlation parameters are determined by performing fits to the SS correlation func-
tions in each individual NVELO bin using eq. (2.7). In this procedure, the parameters
characterising the cluster contribution and the background scaling are fixed to the values
measured in the previous steps of the analysis. The fits are performed in the full range of
Q variable (0.05-2.00 GeV) in the constructed correlation functions. Example results of the
final fits to the SS correlation functions are presented in figure 2. Correlation parameters
determined from fits to the SS correlation functions using eq. (2.7) in the NVELO bins for
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Figure 2. Example of fits to the SS correlation functions in (left) a moderate-multiplicity re-
gion (35 ⩽ NVELO < 40) of the pPb and (right) high-multiplicity regime (100 ⩽ NVELO < 115) of
the Pbp dataset. The black points correspond to the SS correlation functions, while the blue
ones illustrate the OS correlation functions which are used to estimate the cluster contribution in
the given NVELO bin. The results of fits using eq. (2.7) are indicated by red solid lines. Only
statistical uncertainties are shown.

the pPb and Pbp datasets are presented in table 5. The fit quality in BEC studies is not
expected to be ideal due to various assumptions in the signal parametrization and the un-
known theoretical parameterization of the nonfemtoscopic background effects. The results
are complementary to the measurements performed at LHC energies in central rapidity
regions [55, 56, 59]. The measured behaviour of the correlation parameters is compati-
ble with observations from other experiments at LHC. In general, the correlation radius
becomes larger with increasing event multiplicity, while the intercept parameter displays
the opposite behaviour. The determined R (λ) parameters vary within 1-4 fm (∼0.40-0.85)
depending on the NVELO interval. Correlation parameters determined in the BEC studies
for the pp [52], pPb and Pbp collisions at LHCb are illustrated in figures 3 and 4. As it
is observed in figure 3 the measured correlation radii scale linearly with the cube root of
the reconstructed charged-particle multiplicity. A simple fit illustrating this relationship is
performed for different datasets (pp, pPb and Pbp). Only the statistical uncertainties of the
measured R values are taken into account in this fit. Similar scaling was also reported by
other experiments at LHC for various collision systems [46, 55, 59]. It is a tendency compat-
ible with predictions of hydrodynamic models on the system evolution [92–95]. Although
the results in both pPb and Pbp samples agree well within the systematic uncertainties,
it may be observed that the central R values in the Pbp sample tend to be systematically
higher than in the pPb case, becoming more prominent with increasing multiplicity.
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Figure 3. Correlation radius as a function of the reconstructed charged-particle multiplicity mea-
sured in the pp [52], pPb and Pbp collision systems in the LHCb experiment. Error bars indicate
the statistical uncertainties, while boxes illustrate the systematic ones. Data points are positioned
at the centres of the multiplicity bins. Results of the fits to the observed radii scale linearly in
the cube root of the reconstructed multiplicity (solid lines).
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Figure 4. Intercept parameter as a function of the reconstructed charged-particle multiplicity
measured in the pp [52], pPb and Pbp collision systems in the LHCb experiment. Error bars
indicate the statistical uncertainties, while boxes illustrate the systematic ones. Data points are
positioned at the centres of the multiplicity bins.
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pPb dataset Pbp dataset
NVELO R [ fm] λ R [ fm] λ

5–9 1.159±0.010±0.070 0.860±0.006±0.056 1.227±0.013±0.080 0.791±0.007±0.045
10–14 1.413±0.010±0.105 0.635±0.004±0.037 1.469±0.013±0.108 0.630±0.005±0.031
15–19 1.638±0.011±0.131 0.562±0.004±0.033 1.658±0.014±0.135 0.548±0.005±0.036
20–24 1.790±0.011±0.161 0.516±0.004±0.036 1.801±0.015±0.148 0.487±0.005±0.038
25–29 1.944±0.012±0.189 0.476±0.004±0.039 1.989±0.017±0.150 0.467±0.005±0.036
30–34 2.088±0.014±0.214 0.464±0.004±0.044 2.130±0.019±0.169 0.444±0.005±0.037
35–39 2.218±0.016±0.225 0.452±0.005±0.044 2.279±0.021±0.206 0.433±0.006±0.045
40–44 2.364±0.019±0.250 0.443±0.005±0.049 2.380±0.024±0.233 0.409±0.006±0.051
45–49 2.482±0.023±0.271 0.435±0.006±0.052 2.554±0.027±0.220 0.415±0.007±0.047
50–54 2.575±0.028±0.281 0.427±0.008±0.053 2.725±0.031±0.259 0.416±0.008±0.048
55–59 2.730±0.036±0.322 0.443±0.010±0.070 2.875±0.035±0.252 0.420±0.009±0.046
60–64 2.799±0.046±0.341 0.427±0.012±0.070 2.972±0.040±0.306 0.412±0.010±0.062
65–79 2.972±0.045±0.318 0.415±0.011±0.059 3.322±0.028±0.324 0.448±0.007±0.062
80–89 3.462±0.115±0.410 0.479±0.033±0.118 3.531±0.043±0.337 0.449±0.011±0.070
90–99 3.535±0.219±0.635 0.485±0.062±0.196 3.871±0.052±0.320 0.513±0.015±0.081

100–114 — — 3.854±0.049±0.270 0.513±0.015±0.072
115–139 — — 3.863±0.049±0.468 0.555±0.016±0.057
140–179 — — 3.225±0.053±0.979 0.487±0.016±0.096

Table 5. Correlation parameters determined from fits to the SS correlation functions using eq. (2.7)
in the NVELO bins for the pPb and Pbp datasets. The first and second uncertainties are statistical
and systematic, respectively.

8 Conclusions

Bose-Einstein correlations in pairs of same-sign charged pions in pPb and Pbp collisions at
LHCb are measured using a data-driven analysis method to account for effects related to
the nonfemtoscopic background. The correlation parameters are determined in common
intervals of VELO-track multiplicity. This measurement is the first of this type performed
in the forward rapidity region at LHC energies. The correlation radius increases with the
charged-particle multiplicity, while the intercept parameter tends to decrease in the region
of lower charged-particle multiplicity. This trend is consistent with observations in the cen-
tral rapidity region by other experiments at the LHC [56, 59, 60]. The measured correlation
radii scale linearly with the cube root of the charged-particle multiplicity, which is com-
patible with predictions based on hydrodynamic models [92, 93]. The proton-lead system
is investigated both in the forward and backward directions due to asymmetric beams, and
hints for a potential sensitivity of the correlation parameters to the rapidity are observed.
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A Distributions of the VELO-track multiplicity

The data samples are divided into bins of the VELO-track multiplicity, which is used as
a proxy for the total charged-particle multiplicity. The division is optimized to obtain
a high number of bins with enough entries to perform the measurement. This procedure is
based on the NVELO distribution for the signal pairs, which is shown in figure 5 and allows
selecting bins with similar signal yields for the final analysis.
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