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The LHCDb detector, recognized as a general-purpose detector in the
forward rapidity region (2 < n < 5) is capable of exploring quantum in-
terference effects at high rapidities and low transverse momenta. This
summary presents measurements of Bose—Einstein correlations of the same-
sign charged pions studied in proton—proton collisions at /s = 7 TeV and
proton-lead collisions at /sy n = 5.02 TeV, marking the first such measure-
ments in the forward region at LHC energies. Correlation parameters were
analyzed across various charged-particle multiplicity ranges, showing con-
sistency with central rapidity region observations from other LHC experi-
ments. The correlation radii scale linearly with the cube root of charged-
particle multiplicity, aligning with hydrodynamic model predictions, and
there are also some indications of a dependence on pseudorapidity. The
preliminary considerations of the studies on Bose-Einstein correlations for
the triplets of the same-sign pions in proton—proton collisions, interpreted
within the core-halo model, are also presented.
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1. Introduction

The LHCb detector [1] is a single-arm spectrometer with advanced track-
ing and particle identification systems, specifically designed for the forward
rapidity region (2 < n < 5). Its capabilities in efficient track and vertex
reconstruction allow for unique investigations of QCD effects. This docu-
ment summarizes the first LHCb results on Bose—Einstein correlations of
the same-sign charged pions from proton—proton [2] and proton-lead [3] col-
lisions at /s = 7 TeV and /snyy = 5.02 TeV, respectively. The datasets,
collected in 2011 and 2013, correspond to integrated luminosities of 1.0 fb~1
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and 1.6 nb~!. These small systems, with shorter lifetimes than heavy-ion
systems, provide insights into early dynamics and initial system geometry [4].
The results contribute to understanding particle production at LHC ener-
gies, being an exclusive input to the development of the theoretical models.
Moreover, it offers a valuable reference for comparing proton—proton and
proton—lead collisions.

2. Bose—Einstein correlations for pion pairs
in proton—proton collisions

The analysis of Bose-Einstein correlations (BEC) for pion pairs in proton—
proton collisions at 7 TeV [2] focused on measuring the two-particle corre-
lation function, C3(Q), commonly studied as a function of particles four-
momenta difference ), which is sensitive to the dynamic evolution of the
hadron source. C3(Q) is defined as the ratio of the @) distribution for the
same-sign pion pairs to a reference distribution, which lacks BEC effects.
A data-driven event-mixed reference sample was used, where pions come
from different events, ensuring no quantum interference in the pairs. The
correlation function is commonly parameterized as the so-called symmetric
Lévy-stable distribution [5] that reflects the radial distribution of the static
source: C3(Q) = N (1 + e 1HQI™)(1 + 6 Q). Here, R is the correlation
radius, representing the size of the spherically symmetric emission source,
N is the overall normalization, A is the intercept parameter (indicating the
source’s coherence), and ¢ accounts for long-range correlations, such as those
related to transverse momentum conservation. «f, is a parameter that can
take values in the range of 0 < ay, < 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, ag, is fixed
to unity, as it is assumed in the present analysis. To correct for imper-
fections in the reference distribution, a double ratio was employed in the
analysis. This ratio compares the correlation function from the data (using
the event-mixed reference sample) with the correlation function from the
simulation (using an event-mixed sample built in the same way as the data,
but without quantum interference effects). The correlation radius and inter-
cept parameter dependence on event activity were examined in the forward
acceptance region (2 < n < 5) for single pions with transverse momentum
pr > 0.1 GeV/c. Activity bins were defined based on the charged-particle
multiplicity in the vertex detector. The Coulomb-corrected double ratios
for three activity bins were then fitted to the exponential parametrization
defined above. An enhancement related to the BEC effect is observed in the
double-ratio distribution for the same-sign charged pion pairs at low relative
momentum. Figure 1 illustrates how the correlation parameters depend on
event activity, showing that the correlation radius increases with activity,
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while the intercept parameter decreases. These trends align with previous
measurements at LEP and other LHC experiments [6-10]. Additionally, the
R and A parameters measured in the forward region for the corresponding
charged-particle multiplicity bins are slightly lower than those observed by
ATLAS for similar proton—proton interaction multiplicities [9].
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Fig. 1. Correlation radius R (left) and intercept parameter A (right) as a function of
activity. Error bars indicate the sum in quadrature of the statistical and systematic
uncertainties. The points are placed at the centres of the activity bins. Figure taken
from [2].

3. Bose—Einstein correlations for pion pairs
in proton—lead collisions

The two-particle Bose-Einstein correlations for the same-sign charged pi-
ons were measured at the LHCD in pPb collisions at \/syn = 5.02 TeV [3].
Data collected in 2013 included two beam modes: pPb, where the proton
beam is aligned with the LHCb detector (towards positive z-axis values),
and Pbp, with opposite beam directions. Due to the asymmetric nature
of pPb collisions, there is a shift between pseudorapidities measured in the
LHCDb laboratory frame and in the nucleon—nucleon center-of-mass system.
This shift allows for the examination of the pPb system in both the forward
(1.5 < < 4.5) and backward (—5.5 < n < —2.5) regions. The analysis uses
a data-driven event-mixed reference sample and is performed in multiplic-
ity bins of charged particles reconstructed in the vertex detector (Nvgro),
enabling a direct comparison between the two beam configurations. Addi-
tionally, this approach provides an opportunity to investigate any potential
dependence of the measured BEC parameters on rapidity. The results are
interpreted within the framework of hydrodynamic models. In this anal-
ysis, the correlation function is parameterized using the Bowler—Sinyukov
formalism [11, 12|, which appropriately incorporates Coulomb interactions
and the nonfemtoscopic background in the experimentally measured correla-
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tion function. The full parameterization of the correlation function is given
by C2(Q) = N[1 — X+ AK(Q) x (1 + e QD] x 2(Q), where N denotes
a normalization factor, and 2(Q) represents the general term for the non-
femtoscopic background. The general K(Q) term is used to account for the
Coulomb effect in extended sources [11]. Unlike point-like sources, where
the Gamov factor corrects for Coulomb interactions, calculating K (Q) for
extended sources in its full form is computationally intensive and requires
a numerical, iterative approach. Therefore, the present analysis employs
a parameterization of the K(Q) term developed by the CMS experiment,
which is valid for Lévy sources with ar, = 1 [13]. The main contribution
to the nonfemtoscopic background is the cluster contribution [14|, which in-
cludes effects from minijet fragmentation and multibody resonance decays.
These effects are most significant in the low-@) region and may overlap with
the BEC signal. It has been shown that this background can be effectively
parameterized using simple functions, such as a Gaussian [15]. These ef-
fects are studied using a cluster subtraction method developed by the CMS
experiment [14], and are parameterized using correlation functions for the
opposite-sign pairs. This approach is fully data-driven. Due to the presence
of structures related to two-body decays of resonances in the correlation
functions for the opposite-sign pairs, the affected regions are excluded from
the fit to the correlation function. Since the bin contents in both the signal
and reference Q) distributions follow a Poisson distribution, a negative log-
likelihood fitting method is employed [16]. Such a negative log-likelihood
function is constructed for all of the Nygpo bins in the given dataset and
minimized globally to obtain the best description of the data. The corre-
lation parameters, as a function of the charged-particle multiplicity recon-
structed in the vertex detector, are shown in Fig. 2 for both pPb and Pbp
datasets. The dominant source of systematic uncertainty arises from the pa-
rameterization of the nonfemtoscopic background in the correlation function,
which also includes the effects of removing structures induced by two-body
resonance decays in the fits to the correlation functions for the opposite-sign
pairs. These results are compared with correlation parameters from BEC
studies in pp collisions [2|. It is observed that the measured correlation radii
scale linearly with the cube root of the reconstructed charged-particle mul-
tiplicity. This scaling has also been reported by other LHC experiments for
various collision systems [14—16], and is consistent with predictions from hy-
drodynamic models of system evolution [17-19]. The central R values in the
Pbp sample are systematically higher compared to those in the pPb sample,
although the results from both datasets are in good agreement within the
systematic uncertainties. Since the proton—lead system is studied in both
forward and backward directions, there are indications of potential sensitiv-
ity of the correlation parameters to rapidity.
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Fig.2. Correlation radius (left) and intercept parameter (right) as a function of
Nvygro measured in the pp [2] and pPb (Pbp) [3] collision systems. Error bars
denote 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 correlation radii as a function of the reconstructed multiplicity as described
in the text are indicated by the solid lines. Figure taken from [3].

It is also worth mentioning that preliminary consideration of Bose—
Einstein correlations for triplets of the same-sign charged pions in proton—
proton collisions performed in the forward region at the LHCb, interpreted
within the core-halo model, provide an insight into the character of the
hadron emission in terms of its coherency, indicating a possible coherent
emission of pions.

4. Conclusions

The LHCb experiment provides complementary results on particle cor-
relations in the forward kinematic region, distinct from those obtained by
general-purpose LHC detectors. For the first time, Bose—Einstein correla-
tions between two same-sign charged pions have been measured at the LHCb
in both pp and pPb collisions, at center-of-mass energies of /s = 7 TeV and
VSnn = 5.02 TeV per nucleon, respectively. Both pp and pPb analyses
utilize the event-mixing method to construct the reference sample, with
a Lévy-type parameterization of the correlation function, where the sta-
bility index is fixed to unity. Two different approaches are employed for
modeling the nonfemtoscopic background: a double-ratio method for pp and
a data-driven approach to parameterize the cluster contribution for pPb.
The measured correlation radii show a linear scaling with the cube root
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of the reconstructed charged-particle multiplicity, consistent with hydrody-
namic model predictions for system evolution. The pPb system is studied in
both the forward and backward directions, reflecting the asymmetric nature
of the beams, with indications of potential sensitivity of the correlation radii
to rapidity.

1
2]
13l
4]
5]
16]
7]
18]
191

[10]

[11]
[12]
[13]
[14]

[15]
[16]
[17]
[18]
[19]

REFERENCES

LHCb Collaboration, Int. J. Mod. Phys. A 30, 1530022 (2015).

LHCb Collaboration (R. Aaij et al.), J. High Energy Phys. 2017, 025 (2017).
LHCb Collaboration (R. Aaij et al.), J. High Energy Phys. 2023, 172 (2023).
P. Romatschke, Fur. Phys. J. C 75, 305 (2015).

T. Csorgs, S. Hegyi, W.A. Zajc, Eur. Phys. J. C' 36, 67 (2004).

ALEPH Collaboration (D. Decamp et al.), Z. Phys. C 54, 75 (1992).

L3 Collaboration (P. Achard et al.), Phys. Lett. B 524, 55 (2002).

DELPHI Collaboration (P. Abreu et al.), Phys. Lett. B 286, 201 (1992).

ATLAS Collaboration (M. Aaboud et al.), Phys. Rev. Lett. 117, 182002
(2016).

CMS Collaboration (V. Khachatryan et al.), Phys. Rev. Lett. 105, 032001
(2010).

M.G. Bowler, Phys. Lett. B 270, 69 (1991).
Y. Sinyukov, Phys. Lett. B 432, 248 (1998).
CMS Collaboration (A.M. Sirunyan et al.), Phys. Rev. C 97, 064912 (2018).

CMS Collaboration (A.M. Sirunyan et al.), J. High Energy Phys. 2020, 014
(2020).

ALICE Collaboration (J. Adam et al.), Phys. Rev. C 91, 034906 (2015).
ATLAS Collaboration (M. Aaboud et al.), Phys. Rev. C 96, 064908 (2017).
K. Werner et al., Phys. Rev. C 83, 044915 (2011).

P. Bozek, W. Broniowski, Phys. Lett. B 720, 250 (2013).

V.M. Shapoval, P. Braun-Munzinger, I.A. Karpenko, Y. Sinyukov, Phys.
Lett. B 725, 139 (2013).


http://dx.doi.org/10.1142/S0217751X15300227
http://dx.doi.org/10.1007/JHEP12(2017)025
http://dx.doi.org/10.1007/JHEP12(2017)025
http://dx.doi.org/10.1140/epjc/s10052-015-3509-3
http://dx.doi.org/10.1140/epjc/s2004-01870-9
http://dx.doi.org/10.1007/BF01881709
http://dx.doi.org/10.1016/S0370-2693(01)01270-9
http://dx.doi.org/10.1016/0370-2693(92)90181-3
http://dx.doi.org/10.1103/PhysRevLett.117.182002
http://dx.doi.org/10.1103/PhysRevLett.117.182002
http://dx.doi.org/10.1103/PhysRevLett.105.032001
http://dx.doi.org/10.1103/PhysRevLett.105.032001
http://dx.doi.org/10.1016/0370-2693(91)91541-3
http://dx.doi.org/10.1016/S0370-2693(98)00653-4
http://dx.doi.org/10.1103/PhysRevC.97.064912
http://dx.doi.org/10.1007/JHEP03(2020)014
http://dx.doi.org/10.1007/JHEP03(2020)014
http://dx.doi.org/10.1103/PhysRevC.91.034906
http://dx.doi.org/10.1103/PhysRevC.96.064908
http://dx.doi.org/10.1103/PhysRevC.83.044915
http://dx.doi.org/10.1016/j.physletb.2013.02.014
http://dx.doi.org/10.1016/j.physletb.2013.07.002
http://dx.doi.org/10.1016/j.physletb.2013.07.002

	1 Introduction
	2 Bose–Einstein correlations for pion pairsin proton–proton collisions
	3 Bose–Einstein correlations for pion pairsin proton–lead collisions
	4 Conclusions

