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Abstract. Two-particle correlations have proven to be a robust tool which allow the ex-
ploration of many physics phenomena present in high-energy particle collisions. In this
work, two techniques, namely femtoscopic and angular correlations of identified parti-
cles, are discussed the most recent results of both of them obtained from pp and Pb-Pb
collisions recorded by the ALICE detector are presented.

1 Introduction

ALICE (A Large Ion Collider Experiment) [1] is one of the four large detectors located at the LHC
(Large Hadron Collider) facility [2] at CERN — the European Organization for Nuclear Research.
The detector was specifically designed to investigate ultra-relativistic Pb—Pb collisions, where the
very high temperatures and energy densities allow for the production of the Quark—Gluon Plasma
(QGP) [3-7]. In addition, the ALICE detector has an extensive physics program analyzing proton-
proton and proton-lead collisions which are also delivered by the LHC.

The ALICE detector has some unique features. Among the most important is excellent tracking
and particle identification (PID) over a broad momentum range which makes a variety of different
measurements possible, not only connected to the studies of the QGP. Two-particle correlation mea-
surements, namely femtoscopy and angular correlations, have been performed for different particle
pairs and allowed for calculations of previously poorly known pair cross sections and shed new light
on particle fragmentation models. Both techniques reported in this paper use the same definition of
correlation function, expressed as a ratio of correlated pairs from the same event to the reference
distribution containing pairs of particles coming from different events. The correlation functions are
normalized in the way that the reported distributions represent the ratio of probabilities.

2 Femtoscopy

Femtoscopy is the term describing two-particle correlations measured as a function of relative momen-
tum g = 2 - k* = p; — p, which are used to gather information about the spatio-temporal properties
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of the collision. The femtoscopic correlation is related to the source and the final-state interaction via
the Koonin-Pratt equation [8, 9]

Ck) = f S ¥ (7| 7 (1)

where S (7) is the source function, typically a one-dimensional Gaussian S (7) ~ ¢ I" [ 14R) (where
R is the width corresponding to the source size, sometimes referred to as the “HBT radius”), |?‘| is
the relative distance in the pair-rest frame (PRF) and ¥_p.(7) is the two-particle interaction kernel
(solution to the scattering problem). Generally, ¥_;. () may include effects arising due to the effects
of quantum statistics and final-state interactions, depending on the studied pair.

Traditionally, in femtoscopy the form of W_p.(#) is known and the parameters of S (7*), which
describe the shape and evolution of the source, are extracted. In fact, Eq. (1) allows us to utilize
femtoscopic technique in a novel way, constraining S (#*) from other measurements and extracting in-
formation on'¥_p, (7). In particular, if only the strong interaction is present, ¥ _ 3 (7*) has the following
form of a superposition of a plane wave and a spherical wave
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where f(k*) is the s-wave scattering amplitude which has a different form depending on the particle
pair under study. Analytical solutions of Eq. (1) with ¥'_p. (#*) accounting for the strong interaction, in
the effective range approximation, were introduced for different pair systems by R. Lednicky [10, 11].
This paper focuses on two such measurements are presented. Firstly, correlations of baryons with
anti-baryons are discussed in Sec. 2.1 and secondly, correlations between neutral and charged kaons
are presented in Sec. 2.2.

2.1 Baryon-anti-baryon pairs

One of the most important problems in QCD is to understand the interaction between two baryons.
While significant amount of experimental data exists for baryon-baryon pairs [12], no measurements
exist for baryon—anti-baryon systems other than pp, pd, and pn. UrQMD, a current re-scattering
model widely used in the field of collisions of heavy ions, assumes baryon—anti-baryon interaction
from scaling of pp interaction parameters on the basis of the Additive Quark Model [13].

In general, femtoscopy can be used to extract the interaction parameters of such systems. The
scattering amplitude f(k*) in Eq. (2) in this scenario becomes (in the effective range approximation)

* ] 1 *2 .7 % B

f&) = % + 2dok ikt o, 3)
where fy is the scattering length and d is the effective range of the interaction. An attempt to experi-
mentally constrain the parameters of pA pairs using femtoscopy was made by the STAR experiment at
RHIC [14]. In particular, both real and imaginary parts of f; were extracted manifesting the presence
of a significant non-elastic channel, annihilation, while the extracted source size (“HBT radius”) was
significantly lower than the results from baryon—baryon pairs at similar transverse mass mr. These
results seemed to be in contradiction to hydrodynamic model calculations which predict 1/mr scaling
which has been confirmed by RHIC and LHC results of meson and baryon correlations. This incon-
sistency was studied later in Ref. [15] which concludes that the so-called residual correlations! were

ICorrelations arising from admixture in the sample of particles of the same type being products of heavier baryon decays.



EPJ Web of Conferences 172, 01007 (2018) https://doi.org/10.1051/epjconf/201817201007
ISMD 2017

not properly included in the original study. The results were re-analyzed with the proper accounting
for those correlations.

In this paper, the recent ALICE measurements extending the femtoscopic studies of baryon—anti-
baryon interactions on AA pairs are discussed. In addition, a procedure to fit simultaneously all
measured baryon—anti-baryon systems is introduced. The analysis was carried out for pp, pA (pA),
and AA pairs on Pb—Pb collisions at the LHC recorded at the center-of-mass energies of +/s\n =
2.76 TeV and +/syn = 5.02 TeV, respectively. In addition, six centrality ranges were introduced,
giving in total 36 measured baryon—anti-baryon correlation functions. The y? was calculated globally,
representing the minimum of the fit to all functions together. For each pair a proper form of correlation
function was chosen, taking into account the strong interaction as well as Coulomb repulsion in case
of the pp system. Residual correlations were also taken into account with the fractions of residual pairs
estimated from the AMPT model [16] and decay kinematics from the THERMINATOR 2 model [17].
The parameters of the interaction of residual pairs are the same as those for experimentally measured
pairs, and are free parameters of the fit. In addition, the scaling of “HBT radii” with my and the cube
root of multiplicity (relating to different centralities) was assumed in order to constrain the radius.
Finally, three sets of interaction parameters were introduced, namely for pA (pA) and AA pairs as
well as parameters of an effective potential for other baryon—anti-baryon pairs not measured directly
but present as residual correlation contributions.

Figure 1 presents baryon—anti-baryon femtoscopic correlation functions measured in Pb—Pb col-
lisions at both studied collision energies. The Lednicky fit shows a good description of experimental
data. The scattering parameters — the results of the fit, compared to measurements from other experi-
ments and model predictions, are shown in Fig. 2.
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Figure 1. Femtoscopic correlation functions for pp, pA + A, and AA pairs from Pb—Pb collisions at +/syy =
5.02 TeV (left) and +/sny = 2.76 TeV (right). Red lines represent Lednicky fits.

There are a few conclusions that can be drawn from these results: (I) All the extracted scattering
parameters are similar to each other meaning that the interaction for different baryon—anti-baryon
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Figure 2. (Left) Scattering parameters fy and d, for pA + pA, AA pairs and effective scattering parameters
describing other baryon—anti-baryon pairs. (Right) Comparison to other measurements and model predictions.

pairs is comparable. (IT) The real part of the scattering length ‘R fj is negative which suggests either
the existence of baryon—anti-baryon bound states or a repulsive strong interaction. (III) The imaginary
part of the scattering length J f; is positive, reflecting the presence of a significant inelastic channel
(in this case baryon—anti-baryon annihilation). (IV) Finally, the effective range d is not zero which
suggests that the assumptions made in previous analyses, where it was fixed to zero in order to reduce
the number of free parameters, are not justified [14, 15].

2.2 Neutral kaon-charged kaon pairs

The first measurements of KgKi femtoscopic correlations were performed by ALICE in Pb—Pb colli-
sions at 4/sxy = 5.02 TeV [18]. In addition, the complementary preliminary results in /s = 7 TeV
pp collisions from ALICE have also recently become available. The only allowed process (source
of correlation) which contributes to the femtoscopic correlation function for these particle pairs is
the strong final-state interaction. It proceeds through the ap(980) near-threshold resonance with the
scattering amplitude f(k*) from Eq. (2) of the form:

% Y —KK
Jk) = — — " , 4
My = 8 = 1Yy kK™ + Yag—mnknn)

where m,, is the mass of the ay resonance, YaoKR and ,,x, are the ag coupling parameters of the

ay resonance to the K(S)K’ (or KOK*) and 7 channels, respectively. The k, is the momentum in
the ag — 7 channel while s is defined as s = 4('"21(0 + k*2). In this analysis several sets of coupling
parameters of ag (in the order of lower to higher values) taken from [19] (“Martin”), [20] (“Antonelli”),
[21] (“Achasov1”), and [22] (“Achasov2”) were studied.
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The main motivation for studying the K(S) K* final-state interaction is the possibility of constraining
the coupling parameters of ap which in fact is considered in the literature as a potential tetraquark state,
a hadron composed of 4 constituent quarks, or a “K — K molecule" [19-24].

The advantage of ALICE is the possibility of performing the same analysis on both collision
systems, where different underlying physics phenomena are present. This allows to cross-check the
two results and better constrain the extracted ay parameters. The tetraquark hypothesis could also be
supported if the measurements lead to the same results.

Figures 3 and 4 show femtoscopic correlation functions (corrected for min-jet underlying corre-
lations) of K(S)Kt pairs measured in Pb—Pb and pp collision systems, respectively, in different pair
transverse momentum kt = |pr, + pT,2| /2 ranges. Blue points represent the experimental data while
the red lines correspond to the fit function. One can clearly see from both figures that the ay param-
eterization of the femtoscopic signal describes very precisely the experimental result. The extracted
source sizes R are compared to the results of identical kaon femtoscopy from ALICE [25, 26], which is
shown in Fig. 5. The “Martin” parameterization [19], which contains the lowest values of ay coupling
parameters, gives radii which lie significantly below those of identical kaon femtoscopy. Therefore,
higher values of aj resonance are favored by the experimental data.

$ Data stat. unc. —— Lednicky fit
It [] Total unc

0991 ALICE Pb-Pb s, =2.76 TeV |[

0-10% KoK* KIK*
s
098 Allk, T k, <0675 GeVie k. >0.675 GeV/e
B
i
E
g 097
o
2
E
g
3
£
2
*5 o
! KK

kT <0.675 GeV/e

kT >0.675 GeV/e

005 01 0I5 0 0.1 0.2 0.3 04
k (GeVie)

Figure 3. Correlation functions for K(S’Ki pairs from Pb—Pb collisions at /sy = 2.76 TeV divided by the linear
baseline functions with fits using a, parameters from [22] (“Achasov2”). Figure from [18].
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Figure 4. Correlation functions for KgKi pairs from pp collisions at /s = 7 TeV divided by the quadratic
baseline functions with fits using a, parameters from [22] (“Achasov2”).
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Figure 5. Radius R from K(SJKi femtoscopy in Pb—Pb collisions at +/syy = 2.76T eV (left, plots from [18]) and
pp collisions at /s = 7 TeV (right) averaged over the results from fits to K‘S)K+ and Kg K* correlation functions
in both collision systems. The a, parameters used in the fit come from [19-22] for Pb—Pb data and from [22]

(“Achasov2”) for pp data.
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3 Angular correlations

Two-particle correlations measured as a function of relative pseudorapidity An = n; —n, and azimuthal
angle Ag = ¢ — ¢y, also referred to as AnAg correlations, allow the exploration of a wide spectrum of
physics phenomena occurring during high-energy particle collisions. In this paper, the most important
findings of the angular correlations analysis in pp collisions at /s = 7 TeV [27] are presented.

The correlation analysis was performed separately for particle—particle and particle—anti-particle
cases. Four particle species, namely pions, charged kaons, protons, and lambdas, were measured at
relatively low transverse momenta (up to pr = 2.5 GeV/c) in the central rapidity region |r7| < 0.8. Par-
ticle purities exceed 99% for pions and protons, and are around 96% for kaons and 95% for lambdas.

The full two-dimensional AnA¢ distributions can be found elsewhere [27]. In this paper, we focus
on one-dimensional An-integrated distributions which are directly compared to contemporary Monte
Carlo models: PYTHIAG6.4 Perugia-0 and PYTHIAG6.4 Perugia-2011 [28, 29], PYTHIAS Monash [30,
31], and PHOJET 1.12 [32]. The experimental results and Monte Carlo calculations for identical
particle pairs are shown in Fig. 6, for particle—anti-particle pairs in Fig. 7, while the comparison among
different baryon pairs is shown in Fig. 8. One can clearly notice from those plots that all correlations
functions except the ones for baryon—baryon (anti-baryon—anti-baryon) case have a typical shape with
a near-side peak around A¢ = 0 and an away-side correlation around Ap ~ m. This difference is
especially pronounced when the measured correlation functions to Monte Carlo models are compared
—none of them is able to reproduce the experimental result even qualitatively. Studies performed with
EPOS-LHC [33] and HERWIG [34] also do not agree with the measurements.

One has to note that studies similar to those with similar findings were performed in e*e™ colli-
sions at the SLAC-PEP accelerator at v/s = 29 GeV/c collision energy [35]. The reported results were
explained on the basis of local conservation of baryon number, i.e. in a single parton fragmentation.
In this scenario, the production of two baryons in a single fragmentation requires the production of
two anti—baryons, which in total results in four heavy particles. This is a very unlikely scenario at this
collision energy, where the initial parton energy is small with respect to energies at the LHC. This hy-
pothesis was supported by the models which seemed to describe those data at the time. Current results
from the LHC however suggest that there should be an additional, yet unknown, mechanism which
suppresses the probability of producing two baryons close in phase-space. The ruled-out scenarios
include: (I) Fermi-Dirac quantum statistics — effect present for proton—lambda pairs, (II) Coulomb
repulsion — lambda hyperons are neutral particles, (III) strong final-state interaction — produces a pos-
itive correlation, and (IV) local baryon number conservation — all studied models have this mechanism
implemented.

4 Summary

The analysis of two-particle correlations, both in relative momentum (femtoscopy) and AnAgp space
(angular correlations), is an interesting topic in high-energy collisions of protons and heavy ions.
Reported results show that both techniques are powerful tools which can be used to study a variety
of different phenomena. Applications of femtoscopy beyond traditional measurements of the system
size allows for the extraction of previously unknown parameters of the strong interaction for certain
particle pairs. In this paper, we show the first measurements of AA interaction parameters obtained
together with those for the pA system as well as the effective baryon—anti-baryon interaction for those
pairs which cannot be measured directly. The conclusion which can be drawn from this study is that
the interaction between those systems is similar, it includes a significant annihilation channel, and the
strong force itself is either repulsive or bound states are created. The femtoscopic analysis of neutral
kaons paired with charged kaons allows for a constraint of the parameters of the aj resonance and are
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Figure 6. Correlation functions integrated over An for pairs of identical (a) pions, (b) charged kaons, (c¢) protons,
and (d) lambdas from pp collisions at /s = 7 TeV compared to Monte Carlo models. Figure from [27].

compatible with the hypothesis that this particle is indeed a tetraquark state. The angular correlations
of baryon-baryon (anti-baryon—anti—baryon) pairs reveal a surprising anti-correlation effect, not ex-
plainable by any of currently used Monte Carlo models and the understanding of this result remains
an open question.
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