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The new results on three-pion Bose-Einstein correlations measured with the sample of proton—
proton collisions recorded at a centre-of-mass energy of v/s = 7 TeV are presented, being the first
study of three-particle Bose-Einstein correlations in the forward region provided by the LHCb
detector. The results are interpreted within the core-halo model for the first time in proton-proton
collisions. Together with previous LHCD results on two-pion Bose—Einstein correlations measured
for the first time in the forward rapidity region at LHC energies, this confirms the observation
of collective phenomena in small collision systems. Moreover, the results of the three-particle
analysis indicate, for the first time, coherent particle emission.
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1. Introduction

Intensity interferometry provides a means to determine experimentally the properties of
particle-emitting sources [1]. Boson interferometry offers insight into the space-time structure
of particle production in the process of hadronisation, helping to determine the size, shape, and
lifetime of the hadronisation volume. This is possible because of Bose-Einstein correlations (BEC)
between pairs and triplets of identical bosons that occur for pions created close together in phase
space. In this case, their quantum wave functions interfere constructively, which manifests itself
in an increased probability of observing particles with a small difference in four-momentum. The
study of the parameters of the density function in the region of small four-momentum difference can
reveal the space-time properties of the hadron-emission volume. Analysis of two-body correlations
between identical pions allows calculation of the apparent radius of the source as well as the strength
of the correlation. Three-body correlations can expand this with information about thermalisation
and coherence in the source.

2. Two-particle correlation function

The correlation function of two indistinguishable particles is usually studied using the Lorentz-
invariant variable Q[ 1], related to the difference in four-momenta k; and k»:

Q = V—(ki — k2)?> = VM? — 4m?, (D

for particles with rest mass m and invariant mass M. The two-particle correlation function is
defined as the ratio of the Q distributions of the signal and reference pairs:
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where p,(Q)%2 is the Q distribution of the same-sign particle pairs, and p,(Q)™ represents
the distribution in the reference sample, which has no BEC effect. N*€ and N™ denote the numbers
of signal and reference pairs, respectively, obtained from the integrals of the corresponding Q
distributions. The reference sample is intended not to include any BEC effect; in this case, this is
achieved by constructing the pairs, using particles originating from different events in the event-
mixing method [2]. To ensure that the kinematic distributions between the signal and reference
samples agree, reference pairs are selected from events with a similar number of tracks reconstructed
in the vertex detector.

When considering static, univariate sources, the two-body correlation function can be parametrised
with the Lévy-type function [3]:

C2(Q) = N(1 + lpe” RA™) (1 +60). 3)

The value of the parameter R can be interpreted as the radius of the spherically symmetric emission
volume; the intercept parameter A, (also referred to as the correlation strength) denotes the extrapo-
lated value of the correlation function at Q = 0 GeV [4]; the parameter ¢ corresponds to long-range
momentum correlations; N is the normalisation factor. The value of the Lévy index of stability, o,
is set according to the assumed density distribution [3] and can take values in the range (0, 2].
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A double ratio technique is commonly used in BEC analyses to mitigate unwanted effects
present in the data. These include effects related to imperfections in the reference sample con-
struction, single-particle acceptance and efficiency, detector occupancy, selection cuts, long-range
correlations, and other well-simulated phenomena. In the final fit, a ratio of correlation functions
for data and simulation is used:

Cda(Q)
csm(Q)

It is important to use the same set of selection parameters for both samples and to ensure that the

ra(Q) = “4)

simulated sample has the BEC effect turned off.

3. Correlation function for proton-lead

The parametrised correlation function for proton—lead collisions includes electromagnetic
effects and the non-femtoscopic background, using the Bowler—Sinyukov formalism [5, 6] with
Lévy parametrisation:

C2(0) = N |1 = 1+ 1K (0) x (1+e_|RQ|)] x Q(0), (5)

where K (Q) corresponds to the Coulomb interactions and (Q) to the non-femtoscopic background.
The latter contribution was investigated using the correlation function for opposite-sign pions. The
non-femtoscopic background can be described using a Gaussian parametrisation of the cluster
contribution [7], as discussed in [8].

4. Three-particle correlation function

The three-particle correlation function is defined, similarly to the two-particle case, as the ratio
of the three-particle four-momentum distribution to the product of one-particle distributions

N3(ky, ko, k3)

kb2 ks) = o N k)N (k3

(6)

with the assumption of properly symmetrised plane waves for the wave functions and Lévy
distributions as the source function, the correlation function can be expressed as a convolution of
two-particle functions for all possible pairs of particles in the triplet [3, 9]:

0 0 0 0
C3( (012,013, 02) = Cz( )(le)Cz( )(Q13)C2( (0n) =
1+ 536*0-5[(leR)”L+(Q13R)"L+(Q23R)"L] +0 [e*(QnR)“L + e (@R | e*(QzaR)“L] ,

(N

with the Lévy index of stability @, fixed to 1, where £, and {3 are parameters related to the strengths
of two- and three-particle correlations.
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5. Core-halo model

The region of pion emission created in the proton-proton collision can be classified as a system
with a large halo [10]. In this case, the pion emission source is divisible into two distinct parts. In the
central core, particles are created in the process of hydrodynamic evolution or particle production
from excited strings, followed by rescattering. The core is surrounded by the halo of pions emitted
from the decay of long-lived hadronic resonances (w, 77, 7, K°) with decay lengths exceeding 20 fm.
The core-halo model introduces parameters that describe the characteristics of hadron emission.

The fraction of the core, f., denotes the proportion of particles emitted from the core of the
system. The partial coherence parameter, p., expresses the ratio of particles emitted coherently.
These two parameters can be used to express the correlation strengths A, and A3 [4]:

T = pe)? +2pe(1 = pe)] = A2, (8)
22[(1 = pe)? +3pe(1 = pe)* 1 +3f2[(1 = pe)* +2pe(1 = pe)] = As. 9)

The value of A5 is taken from the two-pion BEC analysis [11], while A3 is calculated using the fitted
parameters. These measured parameters can be used to solve eq. 8 and eq. 9 for f,. and p..

An observable «3 (eq. 10) can be introduced [9] that is a function of A3 and A,. Itis independent
of the fraction of particles originating from the core and can be used to infer whether additional
effects are present in the core, such as partial coherence or a not fully thermalised core — this would
be indicated by the value of «3 deviating from unity.

K3 = 0.5(3 — 32) /3)° (10)

6. Dataset and selection

The presented analyses of proton—proton collisions are performed using no-bias and minimum-
bias triggered events collected in 2011 at a centre-of-mass energy of /s = 7 TeV. The simulation
sample is prepared using PyTHia 8 with a specific LHCb configuration, without a BEC effect. Events
are divided into three bins of charged-particle multiplicity in the VELO detector, corresponding to
different levels of event activity: low (5-10), medium (11-20) and high (21-60).

For the proton—lead analysis, a dataset of minimum-bias triggered events collected in 2013 at
a nucleon—nucleon centre-of-mass energy of \/syy = 5.02 TeV, with beam energies of 4 and 1.58
TeV, respectively, is used. Both beam modes, pPb and Pbp, are employed to study collisions in
the forward and backward rapidity regions. The dataset is divided into 18 bins of reconstructed
charged-particle multiplicity in the VELO detector. The binning is designed to provide a sufficient
number of bins with enough events to enable a measurement.

7. Two-pion Bose-Einstein correlations in proton-proton collisions

Double ratios of the correlation function were fitted in bins of charged-particle multiplicity
according to Eq. 3. The results of the fits are shown in Fig. 1. The calculated parameter values
corresponding to the correlation radius R and the intercept parameter A, are shown in Fig. 2.
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Figure 1: Results of the fit to the double

activity classes.
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Figure 2: Correlation radius R and intercept parameter A as functions of the reconstructed charged-particle

multiplicity measured in the pp [11], pPb, and Pbp collision systems.

8. Two-pion Bose-Einstein correlations in proton-lead and lead-proton collisions

The correlation parameters were calculated by fitting the same-sign correlation functions in

each bin of reconstructed charged-particle multiplicity using Eq. 5. Parameters related to the cluster

contribution and background scaling were determined in previous steps of the analysis. Example

results of the fits to the correlation functions are shown in Fig. 3. The behaviour of the measured

correlation parameters is consistent with observations by other LHC experiments: the correlation

radius increases with event multiplicity, and the intercept parameter exhibits the opposite behaviour.
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Figure 3: Selected fits to the SS correlation function are shown for a moderate-multiplicity region (35 <
NvEeLo < 40) of the pPb (left) and for a high-multiplicity region (100 < NygrLo < 115) of the Pbp.
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Figure 4: Correlation radius R and intercept parameter A as functions of the reconstructed charged-particle
multiplicity measured in the pp [11], pPb, and Pbp collision systems. Statistical uncertainties are indicated
with error bars, while systematic uncertainties are shown with boxes. Data points are positioned at the centres
of the multiplicity bins.

9. Three-pion Bose-Einstein correlations in proton-proton collisions

The results of the fit to the double ratio of correlation functions for triplets of pions are shown
in Figure 5. The fits are performed for three bins of the reconstructed charged-particle multiplicity
in the VELO detector.

The dependence of the calculated core—halo parameters on the charged-particle multiplicity
bins is shown in Figure 6. The fraction of the core, f., does not show a strong dependence on
the number of produced charged particles, decreasing only slightly for higher multiplicities. The
behaviour of the parameter x5 is similar, remaining consistent with unity within statistical and
systematic uncertainties. The partial coherence parameter, p., however, increases significantly for
higher multiplicities, indicating the presence of coherent emission.
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Figure 5: Results of the fit to the three-particle double ratio (r4,) for same-sign pion triplets. The red line
illustrates the fit performed using the parametrisation outlined in Eq. 7.
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Figure 6: Values of correlation strength A3 and the parameters of the core-halo model determined for three
bins of VELO track multiplicity. Statistical and systematic uncertainties are marked with red and blue bars,
respectively.

10. Conclusions

The presented results summarise studies of Bose—FEinstein correlations in small collision sys-
tems performed by the LHCb experiment. The measured parameters for the pion pairs are in
agreement with previous observations by LEP [12] and other LHC experiments [7, 13-15], with
values slightly lower than those reported by the ATLAS experiment for similar multiplicities. The
measured correlation radius for the pPb collisions scale with the cube root of the charged-particle
multiplicity, which is compatible with predictions based on hydrodynamic models. The values
measured for the different beam directions show a difference, that hints at a potential sensitivity to
the rapidity. The calculated values of the core—halo model parameter p. indicate a partially coherent
emission of the pions, which has not been observed before. All of the above measurements are
performed for the first time in the forward region of pseudorapidity offered by the LHCb experiment,
thereby broadening the understanding of the hadronisation process in small collision systems.
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