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Two-particle correlations are presented for Kg, A, and A strange hadrons as a function of relative momentum
in lead-lead collisions at a nucleon-nucleon center-of-mass energy of 5.02TeV. The dataset corresponds to an
integrated luminosity of 0.607 nb~! and was collected using the CMS detector at the CERN LHC. These correlations
are sensitive to quantum statistics and to final-state interactions between the particles. The source size extracted
from the KgKg correlations is found to decrease from 4.6 to 1.6 fm in going from central to peripheral collisions.
Strong interaction scattering parameters (i.e., scattering length and effective range) are determined from the AK(S)
and AA (including their charge conjugates) correlations using the Lednicky-Lyuboshitz model and are compared

to theoretical and other experimental results.

1. Introduction

Two-particle correlations in relative momentum, so-called femto-
scopic correlations, arising from relativistic heavy ion collisions provide
a powerful tool for studying the spatiotemporal characteristics of the
particle emitting sources created in these collisions and the subsequent
interactions of the emitted particles [1]. All two-particle correlations in-
volving hadrons are affected by final-state interaction (FSI) effects, and
correlations of identical particles are also sensitive to the constraints
of quantum statistics (QS). The correlations among the neutral Kg, A,
and A particles, collectively referred to as V0 particles, are of special
interest. Because of their relatively large mass, femtoscopy based on
Kg particles is less affected by resonance decays than is the case with
more commonly studied pion and charged kaon pairs [2]. The results
from KgK(S), AK(S), and AA correlation studies can be used to determine
the strong-interaction scattering parameters, i.e., the scattering length
and the effective range, that are impossible to obtain from currently
achievable scattering experiments [3-7]. This information can be used
to constrain hadron-hadron correlation models that are used, for exam-
ple, in modeling the composition of neutron stars [8,9].

Regarding the scattering parameters, of particular interest is estab-
lishing whether the interaction between two A particles allows for the
existence of the H-dibaryon, a bound state with quantum numbers I =0,
JP = 0%, and S = —2.In 1977, R. L. Jaffe predicted the existence of such
a six-quark (uuddss) state having a mass about 81 MeV below the thresh-

* E-mail address: cms-publication-committee-chair@cern.ch.

https://doi.org/10.1016/j.physletb.2024.138936

old of twice the A mass by considering the strong attraction resulting
from color magnetic interactions [10]. Although a double hypernucleus,
AfHe, was subsequently observed in the NAGARA event from the E313
hybrid emulsion experiment at KEK [11,12], the observed AA binding
energy was not consistent with the conjectured H-dibaryon [13]. A study
of AA correlations may provide additional information on whether the
baryon-baryon interaction can lead to the formation of the conjectured
H-dibaryon.

Recently, the ALICE Collaboration reported on AK correlations in
lead-lead (PbPDb) collisions at a center-of-mass energy per nucleon pair
of m =2.76TeV [14]. According to their findings, the strong force

is repulsive in AK™ interactions, yet attractive in AK™ interactions. For
the AKg pairs, the uncertainty of the ALICE results does not permit a
definite conclusion on whether the associated strong interaction is re-
pulsive or attractive. A more precise measurement of AK(S) correlations
should improve our understanding of the strong interaction in baryon-
meson systems.

This Letter presents Kg K(S), AK(S), and AA femtoscopic correlations as
a function of relative momentum in PbPb collisions at m =5.02TeV,
using data recorded by the CMS experiment during the 2018 LHC run.
The K(S)K(s), AK(S), and AA correlations are measured in an integrated
centrality range 0-80%, where centrality refers to the percentage of
the total inelastic hadronic nucleus-nucleus cross section [15], and 0%
corresponds to the maximum overlap of the colliding nuclei. This is
the first measurement of the AA femtoscopic correlation in PbPb colli-

Received 12 January 2023; Received in revised form 19 June 2024; Accepted 1 August 2024

Available online 2 September 2024

0370-2693/© 2024 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. Funded by SCOAP. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:cms-publication-committee-chair@cern.ch
https://doi.org/10.1016/j.physletb.2024.138936
https://doi.org/10.1016/j.physletb.2024.138936
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2024.138936&domain=pdf
http://creativecommons.org/licenses/by/4.0/

The CMS Collaboration

sions at the LHC. In addition, the K(S) K(s) correlations are measured in six
centrality intervals in the range of 0-60%. The source size and strong
interaction parameters are determined using the Lednicky-Lyuboshitz
(LL) model [16]. Unless otherwise indicated, all measurements include
the charge conjugate states, so AKg and AA include XKg and AA, re-
spectively. Tabulated results are provided in the HEPData record for this
analysis [17].

2. Experimental setup and data sample

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T.
Within the solenoid volume there is a silicon pixel and strip tracker,
a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter, each composed of a barrel and two
endcap sections. The silicon pixel detector [18] is composed of 1856
silicon pixel modules distributed in four 54 cm long barrel layers at
radii of 2.9-16.0 cm plus three pairs of endcap disks covering radii of
4.5-16.1 cm at longitudinal distances of 31-51 cm from the origin. The
15148 silicon strip modules are arranged in 10 barrel layers at radii
of 20-116 cm plus 3 pairs of small and 9 pairs of large endcap disk
layers. Charged particles of pseudorapidity || < 3 are reconstructed
with the combined system. For particles with transverse momentum
of 1 < pr < 10GeV, the track resolutions are typically 1.5% in p; and
20-75 pm in the transverse impact parameter [19]. The barrel and end-
cap detectors are extended to the forward region with two calorime-
ters which use steel as the absorber and quartz fibers as the sensitive
material. These hadron forward (HF) calorimeters are located 11.2m
from the interaction region, one on each side, and provide coverage in
the range 3.0 < || < 5.2. These detectors are segmented into multiple
0.175%0.175 (ApxA¢) “towers”, where ¢ is azimuthal angle in radi-
ans. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid. Events of interest are selected
using a two-tiered trigger system. The first level, composed of custom
hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed
latency of about 4 us [20]. The second level, known as the high-level
trigger, consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing, and reduces
the event rate to around 1 kHz before data storage [21]. A more detailed
description of the CMS detector, together with a definition of the coor-
dinate system used and the relevant kinematic variables, can be found
in Ref. [22].

With an integrated luminosity of 0.607 nb~! [23,24], this analy-
sis uses 4.27 x 10° minimum bias events that are triggered by requir-
ing signals above the readout threshold of 3GeV in each of the HF
calorimeters [21]. Background events due to beam-gas interactions and
nonhadronic collisions are filtered offline by applying the procedure de-
scribed in Ref. [25]. The events used in this analysis are required to have
at least one primary interaction vertex determined using two or more
tracks [26] within a distance of 15 cm from the center of the nominal
interaction point along the beam axis and to have at least two calorime-
ter towers in each HF detector with energy deposits of more than 4 GeV
per tower. The shapes of the clusters in the pixel detector are required
to be compatible with those expected in PbPb collisions in order to sup-
press the contamination from events with multiple collisions [27]. The
combined trigger and offline selection efficiency for inelastic events is
greater than 95%. The event centrality is obtained from the transverse
energy deposited in both HF calorimeters, using the methodology de-
scribed in Ref. [28]. The analysis makes use of a minimum bias Monte
Carlo PbPb sample, based on the HYDJET 1.9 [29] event generator with
a full detector simulation using GEANT4 [30].
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3. Reconstruction of Kg and A candidates

The K(S) and A candidates, denoted as VO candidates, used in this
study are reconstructed as in previous CMS analyses [31-33]. The
V" candidates are found by combining oppositely charged tracks that
pass criteria based on the “loose” selection discussed in Ref. [26]. The
charged tracks are assumed to be t'n” in Kg reconstruction and ©_ p in
A reconstruction. For the latter, the higher momentum track is assumed
to be a proton since the proton carries nearly all of the momentum in
the A decay. Each of the oppositely charged tracks must have hits in
at least three layers of the silicon tracker, and both tracks must have
transverse and longitudinal impact parameter significances (defined as
the parameter value divided by its uncertainty) with respect to the pri-
mary vertex greater than 1. The two tracks are fitted to a common vertex
and the ;(2 per degree of freedom (dof) from the fit must be less than
7. The distance of closest approach between the two tracks is required
to be less than 1 cm. As a consequence of the long lifetime of Kg and

A particles, the significance of the \a decay length, which is the three-
dimensional distance between the primary and V0 vertices divided by
its uncertainty, is required to be greater than 2.5 to reduce combinato-
rial background contributions. To remove K(S) candidates misidentified

as A particles and vice versa, the A (K(s) ) candidates must have a cor-
responding ntrnt (pn” ) mass more than 14 (7) MeV (corresponding to
approximately 3 times the average resolution) away from the world-
average value [34] of the Kg (A) mass. The angle 6 between the VO

momentum vector and the vector connecting the primary and V0 ver-
tices is required to satisfy cos > 0.999. This reduces the contribution
from nuclear interactions, random combinations of tracks, and A parti-
cles originating from weak decays of = and Q particles.

Further selection of V° candidates is performed with a boosted deci-
sion tree (BDT) [35]. The selection is optimized separately for Kg and A
candidates. The discriminating variables include: the collision central-
ity, the v° candidate py and rapidity (), the distance of closest approach
of the track pair, the three-dimensional decay length and significance,
cos 8, and the V° vertex fit )(2. The included variables related to the V°
daughters are p,, uncertainty in pr, #, the number of hits in the silicon
tracker, the number of pixel detector layers with hits, and the trans-
verse and longitudinal impact parameter significances with respect to
the primary vertex. The BDT training is performed using the simulated
minimum bias sample separated into the signal and background subsam-
ples using the generator-level information. The Kg mesons are selected
with 1 < p; <8.5GeV and |y| < 1, while the A baryons are required to
have 1.8 < p; <8.5GeV and |y| < 1. The minimum p; and maximum
y requirements are used to reduce background while the maximum p

requirement is to reduce contributions from jets. The combined VO re-
construction and selection efficiencies are strongly dependent on the
centrality of the event and the p;. of the VO Integrating over the selected
pr ranges, the combined efficiencies from the most central to peripheral

PbPb collisions are 1-3% for Kg and 1-2% for A. The V° reconstruction
algorithm does not prevent a track from being used for more than one
V", While this is normally an infrequent occurrence, selecting pairs of
\a particles close together in phase space makes it a significant con-
tribution. To resolve this problem, for each correlation measurement,
a check of each pair of v? candidates is performed and if two V0 can-
didates are found to share one or both daughter tracks, one of the VO
candidates is randomly selected to be removed from the event.

Fits to the invariant mass spectrum are performed using a sum of
three Gaussian functions with a common mean to describe the signal
distribution and a fourth-order polynomial to describe the background.
These empirical functions were chosen to provide a good description of
the data. Peak and sideband invariant mass regions are defined to se-
lect events dominated by signal and background, respectively. Defining
o as the average resolution based on the Gaussian sum, the peak re-
gions are selected to be within +2¢ from the nominal V" mass and are
given by 486 < M(n ") < 509 MeV and 1111.5 < M(pn ) < 1120.4 MeV
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Fig. 1. The invariant mass of K(S) (left) and A (right), and their corresponding fits in the 0-80% centrality range. The circles are the data, and the fit is shown with
a solid (red) line for the total fit, and a dashed (green) line for the background fit. The vertical dashed-dotted (pink) lines indicate the peak region and the vertical

dashed (blue) lines indicate the sideband regions.

for K(S) and A candidates, respectively. The sideband regions are se-
lected to be more than 4¢ from the nominal V° mass and are given
by 23.5< IM(ztn™) — 497.5] < 62.5MeV for Kg candidates and 1080 <
M(pr) < 1107.5 MeV together with 1124.2 < M(prn™) < 1160 MeV for A
candidates. Examples of invariant mass distributions for n*n~ and pr~
pairs, and their corresponding fits in the 0-80% centrality range, are
shown in Fig. 1.

4. Analysis method

The two-particle correlation is constructed as

Aobs (q' )

Cobs(qinv) — — inv (1)
B (qinv)

where CObS(qinv) is the observed normalized pair yield as a function of

the invariant relative momentum ¢, in the pair rest frame, defined
as [1]

[/F— \/ _QMQW
(k, —k, )P (2)
o* = (k, _kz)l‘ _L 2k

PH
¥
P'P,

>

where P =k, +k,, and k, and k, are the four momenta of the Vo par-
ticles. Note that for two particles of the same mass, the second term of
0" is zero.

The distribution A" (g;,) is the signal distribution, which includes
the femtoscopic and nonfemtoscopic correlations formed by pairing
the selected V° particles from a given event. The reference distribu-
tion BObS(qinv) is constructed by mixing the V° particles from different

obs

events, as described in Ref. [36]. In this procedure, the VO particle from
one event is paired with V0 particles from 30 different events. To ensure
that the 30 events used in the mixing are similar to the signal events, the
centrality and primary vertex of each mixed event must be within 5%
and 2 cm, respectively, of those in the corresponding signal event. By
dividing A°bs(qmv) by BObS(qinv), CMS detector and reconstruction arti-
facts are strongly suppressed. The normalization factor N is the ratio
of the number of pairs in the reference distribution to that in the signal
distribution. Because of the background in the peak region of the in-
variant mass distributions, the measured signal distribution (AObS(qinv))
contains contributions from signal-signal (Ass(qinv)), signal-background

(ASb(qinv)), and background-background (Abb(qinv)) correlations. The
measured AObS(qinv) distribution can be written as

A (g ) = A g, + S AN (g, + AP g, ). 3)

Table 1

The values of the %, f*°, and f® parameters are based on the
number of counts in the peak and sideband regions. The values are
given for the KgKg, AKg, and AA pairs in the integrated 0-80%
centrality range. The uncertainties are statistical.

Parameter ~ KJK? AKY AA

e 0.9569 + 0.0006 0.9332 + 0.0006 0.9054 + 0.0020
f® 0.0426 + 0.0005 0.0655 + 0.0006 0.0922 +0.0018
/P 0.0005 + 0.0001 0.0013 + 0.0002 0.0024 + 0.0002

The distributions ASb(qinv) and Abb(qmv) are obtained from the peak-
sideband and sideband-sideband combinations, respectively. The small
amount of background (signal) contamination in the signal (sideband)
region has a negligible effect on the shape of ASb(qinv) (Abb(qinv)).
All distributions, AObS(qinv), ASb(qinv), and Abb(qinv) are normalized to
unity. The parameters, /%, £, and f* are the signal-signal, signal-
background, and background-background fractions, extracted using an
invariant mass fit based on combinatorial analyses with

fss: 2
(*;)
b
4
fbb - (EiZ) » and
2

fsb =1- fss _ fbb,

where (;) = =D s the binomial coefficient, which returns the number
of ways that a pair can be chosen from » objects. The quantities s and
b in the binomial coefficients are the number of signal and background
particles, respectively, obtained by integrating the appropriate function
from the fit to the invariant mass distribution. The resulting values of
the %, £*°, and f° parameters are presented in Table 1.

Once we have all the distributions (Aobs(qinv), ASb(qinv), and
Abb(qinv)) and the parameters (%, 7, and f°°), the A%(q,,,) distribu-
tion can be extracted using Eq. (3), with

A%(g,) = | A (g, — (AP, — A g )|/ (5)

The same procedure is followed for the reference distribution. Af-
ter extracting the A%(q,,,) and B*(q, ) distributions, the correlation
distribution is calculated as

Ass(qinv)

C( inv) = N SS
! B”(q

. (6)
inv)

The measured fractions, reported in Table 1, confirm the high purity of
the V° pairs suggested by Fig. 1. The effect of the non-v° background
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correction on the measured physics parameters is small compared to
either the statistical or systematic uncertainties. While the C(g; ) dis-
tribution is corrected for non-V° backgrounds as well as nonuniform effi-
ciency and acceptance, it still includes nonfemtoscopic background cor-
relations, such as those associated with elliptic flow [37], minijets [2],
resonance decays [2], and energy-momentum conservation [38]. The
nonfemtoscopic background contribution is modeled using an empiri-
cally determined double Gaussian function

Qg = N (140 ) (11— e ), )

where N, «,, a,, R, and R, are fit parameters. This function was se-
lected for its reproduction of the distributions in both real data at high
q;,,, and simulated data that do not include the correlations being mea-
sured.

Fits are performed to the C(g;,,) distributions to extract the source
size and strong interaction scattering parameters. As the V0 particles are
neutral, the Coulomb interaction is absent. However, the correlations
are sensitive to QS and FSI effects, with s-wave interactions assumed to
dominate for the small relative momenta of the particle pairs analyzed.
The correlation distribution for all pairs (K(S) K(S), AK(S), and AA) is inter-
preted in the LL model. This model relates the two-particle correlation
function to the source size and also takes into account FSI effects [16].
The general correlation function is

Coota i) = [ 1+ A( CosGinn) + Crsatin) ) | 206100): ®)

where CQS(qu) is the QS function and Cgg(g;,,) is the FSI function. The
parameter 4 is referred to as the correlation strength. In the absence of
FSI effects, A equals unity for a perfectly incoherent Gaussian source.
However, effects such as resonance decay, minijets, coherent sources,
non-Gaussian source contributions, and FSI between particles can lead
to deviations of the A parameter from unity.
Neglecting CP violation, the K(S)Kg system can be written as

KIK)) = %<|KOKO) + KK + KK + |K°E0>), ©
It can be shown [16,39] that the resulting correlations follow Bose-
Einstein quantum statistics, with

- R
CQS(qinV) = e( Ginv mv)’ (10)

where the source radius R, reflects the size of the region over which
the particles are emitted.
The FSI for the Kg Kg correlations is modeled by [16,39]

2
1[]|f(k) 4R f (k)
Crs1(iny) = 51 R + Fi Gy Riny)
inv \/;Rinv
23 f (k)
- . FZ(qianinv) ’ (11)
mv
where
k= qinv/z’
Z
F(z)= %e_zz /e’(2 dx, and 12
0
2
1_ -2
Fy(2)= Te

The function f(k) is the KOEO s-wave scattering amplitude, with real
and imaginary parts R f(k) and  f (k), respectively. This amplitude is
dominated by the near-threshold s-wave isoscalar resonance f;(980) and
the s-wave isovector resonance a,(980), with the total scattering ampli-
tude given by an average of these contributions: f(k) = ( ff0(980)(k) +
fa0(980)(k)) /2. The individual resonance amplitudes depend on the res-
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onance mass m,, with r = £,(980) or a,(980), the kaon mass my, and
—0

the resonance couplings 7, (yr/) to the K°K (nr for f,(980) and non

for a,(980)) channels. Then, f,(k) = 7,/ mf —{—iyk— iy;k: , where

¢ = 4(m§ + k2) and k: denotes the momentum in the second (nm or
non) decay channel with the corresponding partial width I = y;k'r /m,
(more details can be found in Ref. [39]). The scattering amplitude is
calculated using the resonance mass and the coupling parameters from
Refs. [40-43], taken from row C of Table 1 of Ref. [39].

For the correlations involving A baryons, the CQS (9y,) and Crg ()
functions are [16]

g2 2
CQS(qinv) = ae( iny Rinv>’ and
2
1@l 1 4
Crs1(Giny) = (1 + @) ) (1- — )
Rinv 2\/; inv
2Rf(K) S f (k)
+ Fy Gy Riny) = R—F2(qianinv) . (13)
\/;Rinv inv
where « = —1/2 for AA correlations for two identical fermions and

a =0 for AK(S) correlations as there are no QS effects for noniden-
tical particles [16]. The scattering amplitude f(k) is parameterized
by a complex scattering length (f,,) and an effective range (d,) with
fy=101/f,+ d0k2/2 —ik]7! [16]. The imaginary part of f, is respon-
sible for inelastic processes (annihilation). For an attractive interaction
that is not strong enough to produce a bound state, the real part of f|,
is positive, while a repulsive interaction corresponds to a negative R f,,
of the order of the range of the repulsive potential. In the presence of a
bound state, R f|, is also negative, but with a much larger magnitude.
The femtoscopic sign convention and notation for the scattering length
differ from those used in nuclear physics, where the corresponding scat-
tering length a), = — f|,. As the AK;J and AA correlations each have only
one spin state that contributes to the s-wave scattering, Eq. (13) suffices
to describe the FSI effects.

Fits to the correlation distribution of all the pairs were performed
using Eq. (8) with the nonfemtoscopic background parameters (N, «,
@y, R}, and R,) treated as free parameters. For KgK(S) correlations, the
parameters of interest are R;  and A, with the scattering amplitude
based on previous measurements [40-43]. The AKg and AA correlations
include additional parameters: d,,, R /), and T f|,. The J £, term for AA
correlations is set to zero since there are no baryon-baryon annihilation
processes.

Histograms of the correlation distributions are generated in the range
0 < ¢;,, < 6GeV with 0.02 GeV wide bins for the K(S)Kg and AK(S) corre-
lations and 0.04 GeV wide bins for the AA correlations. The fits exclude
the first g, bin to avoid a potential bias from the method used to ad-
dress cases where V° candidates share daughter tracks. Studies using
simulated events indicate that only this first bin is affected by this re-
mediation. Least-square fits are performed to the experimental data with
the uncertainties in the fit parameters calculated using the MINOS tech-
nique [44]. Examples of correlation measurements and their fits and
corresponding ;(2 /dof values, are presented in Figs. 2 and 3. The Kg Kg
correlations, shown in Fig. 2, are independently fitted for each of the six
centrality bins with 0 < k. <2GeV, where k. = |p.| + 1, |/2 is the av-

erage transverse momentum of the particle pair. The AK(S) (left) and AA
(right) correlations, shown in Fig. 3, involve fewer events and, there-
fore, only a single fit is performed for each, with the data integrated
over the centrality range 0-80% and with no restriction on k.

Using events simulated with the HYDJET and HIJING 1.3 [45] event
generators, we find that 85% and 39% of the selected A baryons are
directly produced, respectively. Electromagnetic 0 baryon decays ac-
count for 8% and 13%, respectively, while weak decays of £/Q baryons
account for 7% and 48% of the observed yields. Given the wide varia-
tion in the feed-down contribution and the lack of experimental mea-
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Fig. 2. The correlation distributions and fits for KgKg pairs in different centrality ranges, starting from 0-10% centrality to 50-60% centrality, with 0 < k. <2GeV.

In each plot, the red circles are the data, the blue solid line is the fit using Eq. (8), and the green dashed line is the nonfemtoscopic background from Eq. (7). The x>
and dof values are for the full g, , range. The insert plots show the data and the fit for the g, , < 0.4 GeV region, with the 2 and number of bins evaluated in that
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range. The insert plots show the data and the fit for the ¢, , < 0.4 GeV region, with the #* and number of bins evaluated in that region.

surements for these contributions, our results involving A baryons are
presented without being corrected for potential, and possibly significant,
feed-down effects and residual correlations.

5. Systematic uncertainties

The systematic uncertainties for the fit parameters are based on the
changes found in the parameter values after individually varying each
of the analysis criteria, as discussed below. In cases with more than one
variation for a single source, the maximum deviation from the nominal
value is used. The total systematic uncertainty is obtained by adding
the uncertainties from each source in quadrature. The BDT discrimi-
nant is varied so as to adjust the signal-to-background ratio, with the
signal yield changing by +15% in the process. The nominal method
to account for V° candidates sharing daughter tracks is to remove one
of the V° candidates at random, which is then not used by any pair.

Two alternative approaches are used, one in which both v? candidates
are removed and another in which, for events with multiple VO can-
didate pair combinations, only the pairs in which the two particles
share a daughter are removed. The systematic uncertainties related to V0
signal and background modeling are investigated by varying the back-
ground shape from a fourth- to a third-order polynomial and the signal
shape from a sum of three Gaussian functions to a sum of two or four
Gaussian functions. An alternative nonfemtoscopic background function

Qg,,,) =N+ Be 1inv/ Ulz)(l + eq,,,,) is used to assess the uncertainty
associated with the choice of the nonfemtoscopic background function.
The selection requirements used to construct the mixed event sample
are varied to require centrality matching of 3% instead of the nominal
5% and the primary vertex position matching with 1 cm instead of the
nominal 2 cm. The peak region requirement is changed from <2.0¢ to
<1.5¢ and <2.5¢ and the sideband region selection from >4.0¢ to >3.5¢
and >4.5¢. The upper limit of the correlation distributions fit range is
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Table 2

Summary of absolute systematic uncertainties in KgKg, AKg, and AA correlation measurements. The values for R

dy, Rf,, and Jf, are in fm.
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inv?

Uncertainty source KgKg AKg AA
Rinv A Rinv d(J 2Rfl) Sfl) A Rinv dO 9lf(] A
BDT cut 0.06-0.19 0.01-0.05 0.19 0.75 0.10 0.07 0.03 0.06 0.43 0.05 0.31
Duplicate V° removal 0.07-0.35 0.01-0.05 0.35 0.92 0.10 0.19 0.11 0.01 1.14 0.05 0.14
Mass fit function 0.00-0.03  0.00-0.02 0.09 0.05 001 003 003 002 004 001 0.02
Nonfemtoscopic func. 0.01-0.13 0.01-0.13 0.02 0.17 0.05 0.07 0.03 0.02 1.02 0.14 0.93
Reference sample 0.02-0.09 0.01-0.06 0.22 0.48 0.12 0.12 0.03 0.10 1.12 0.20 0.76
Peak region 0.02-0.17  0.00-0.07 0.43 0.10 005 017 008 022 121 0.08 0.5
Sideband region 0.01-0.03 0.00-0.01 0.02 0.02 0.01 0.01 0.00 0.01 0.03 0.01 0.04
Fitting range 0.01-0.32 0.00-0.11 0.20 0.18 0.03 0.08 0.04 0.04 1.79 0.20 0.60
Momentum resolution ~ 0.02-0.07  0.02-0.08 0.41 0.00 0.03 009 0.08 001 0.08 0.0l 0.02
£,(980)/a,(980) param. 0.11-0.16 0.03-0.05 — — — — — — — — —
Total uncertainty 0.30-0.51 0.10-0.18 0.78 1.31 0.20 0.32 0.17 0.25 291 0.33 1.43
changed to 5 and 7 GeV, and the lower limit is changed to include the Table 3

first bin. The possible influence of momentum resolution on the calcu-
lated parameters has been studied following the procedure described
in Ref. [46], with an associated systematic uncertainty quoted in Ta-
ble 2. For the KgK(S) correlations, an additional systematic uncertainty
is found by varying the mass and coupling parameters for the f;(980)
and a;(980) resonances based on values found in rows A, B, and D of
Table 1 of Ref. [39]. The systematic uncertainties are summarized in
Table 2.

Dividing the signal distribution by the reference distribution is ex-
pected to correct for efficiency-dependent effects in the correlations. A
variety of checks were performed with simulated samples to confirm
this assumption. It was verified that the reconstruction efficiency of a
pair of Vo particles is well described by the product of the efficiencies
for each V°, so the efficiency of a pair of \a particles from mixed events
should be the same as from the same event. It was also verified that
the efficiency versus g, , is the same for both the signal and reference
distributions. Therefore, no efficiency correction is applied, and no sys-
tematic uncertainty is assessed for the V? reconstruction efficiency. For
the centrality ranges used in this analysis, the effect of the centrality
calibration and resolution is negligible [47].

6. Results

The size of the particle emitting source R, and the A parameter ex-

tracted from the KgKg correlations for 0 < k; < 2GeV are shown as
a function of centrality in Fig. 4. It is observed that the R,  value
decreases from central to peripheral events, as expected from a sim-
ple geometric picture of the collisions. Over the full centrality range of
0-80%, R, , =3.40+0.11 (stat) +0.37 (syst) fm. The transverse mass can

be calculated as m = V (m,,,/ 2)2 + k%, where m, is the invariant mass
of the two-particle system [14]. The average <mT> is evaluated from the
transverse mass distribution using two-particle pairs with q; - < 0.4 GeV,
accounting for background using the binomial analysis as done for the
gy, distributions, and is found to be 1.50GeV and is nearly indepen-
dent of centrality. Fig. 5 shows CMS and ALICE results for R, ;& and A
as a function of m, in three centrality bins. Extrapolations of the m de-
pendence found for the ALICE results at m =2.76TeV [46] to the
my values of the CMS results at /sy = 5.02TeV show consistent re-
sults for the two experiments. The A parameter is seen to decrease from
about 0.55 to 0.37 as the collisions become more peripheral. Possible
explanations of this decrease include having an increased contribution
of minijets and having a source function that becomes increasingly non-
Gaussian as the collisions become more peripheral.

Table 3 includes the extracted R, , and A parameters as well as (mT>

for KgKg s AKg, and AA combinations in the 0-80% centrality range. A
significant decrease is seen in R, , as the (mT> increases. Qualitatively
similar results have been found, both for a given pair type in bins of m

Extracted values of the R, ., Rf,, Sf, d,, 4, and <mT> parameters
from the K(S)Kg, AKg, and AA combinations in the 0-80% centrality
range. The first and second uncertainties are statistical and systematic,

respectively.
Parameter Kg Kg AKg AA
1.4 0.4
R, (fm) 340£0.11+£037 2175 +08 1.355+03
R f, (fm) — —0.76*)79£0.20  0.7473 +0.33
Sf, (fm) — 00713 +£032  —
d, (fm) — 23807+13 425729
2 043+0.03+013 034701 £0.17 15407+ 14
(my) (GeV)  1.50 2.09 2.60

and when comparing multiple pair types [1]. Because of the different
minimum p requirements for K¢ and A particles, the variation in <mT>
includes both ( pT> and particle mass differences. The anticorrelation
of R, , and <mT> has been interpreted as indicating the presence of an
expanding source [1]. Although the A parameter obtained from the AA
correlation is consistent, within statistical and systematic uncertainties,

with the absence of a femtoscopic correlation, fitting C(g,,,) under the

assumption of 4 =0 leads to a ;(2 of 32 with 9 bins in the range 0.04 <
iy < 0.4GeV, compared to a )(2 of 5, with the same number of bins,
when the femtoscopic correlation is taken to be present (shown in the
right plot of Fig. 3).

Table 3 also includes the strong interaction scattering parameters
dy, Rf,, and Jf, obtained from the AK(S) and AA correlations. Fig. 6
shows d;, and S f|, versus R /| in the left and right panels, respectively,
along with comparisons to previous results. The current CMS results are
shown as red stars and squares for AK(S) and AA, respectively. The boxes
and lines indicate one-dimenssional statistical and systematic uncertain-
ties, respectively. For the CMS results, a two-dimensional contour is also
plotted to show where the ;(2 value changes by one unit with respect to
its minimum value. This corresponds to a 39% confidence level, includ-
ing only the statistical uncertainties.

The negative value of R f;, observed for the AK(S) correlations, com-
bined with its relatively small magnitude, suggests a repulsive AKS

interaction. The uncertainty associated with the S f|, value for the AK(S)
correlations prevents any claim concerning possible inelastic processes.
The measured AKg values of Rf,, Tf, and d, differ by about 2, 1,
and 1 standard deviations, respectively, from the reported ALICE val-
ues (teal diamonds) [14], which are obtained from PbPb collisions at
syN = 2.76 TeV. In contrast to this analysis, the ALICE result is cor-
rected for the effect on the correlations caused by feed-down, which
may be a source of the differences in the measured values.
The positive R f;, value obtained for the AA correlations suggests
an attractive interaction that is not strong enough to produce a bound
state such as the H-dibaryon [48,49]. This result disagrees with the
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finding from the STAR Collaboration in gold-gold (AuAu) collisions
at /sy = 200GeV (blue circle). The negative R f, value of —1.10 +

0.37 (stat)J_rg:gg (syst) fm found by STAR, combined with its magnitude,
implies a repulsive interaction. It is noted, however, that a theoretical
study of the STAR data which considers collective flow and feed-down
effects (shown as a shaded region at d, ~ 5 fm, R f;, ~ 0.9 fm) suggests
that these data are consistent with the AA interaction being attrac-

tive [48]. An analysis by the ALICE Collaboration of the AA scattering

parameters, using AA correlations from pp collisions at /s =7 and
13TeV, as well as pPb collisions at m = 5.02TeV, excludes certain
regions of the d;, and R f, parameter space, while also suggesting an at-
tractive interaction [50]. Our measured values fall within their allowed
regions and provide further evidence for an attractive interaction. In ad-
dition, our results are consistent with two theoretical calculations (black
triangles) that reproduce the AA binding energy of A[fHe, as extracted
from the NAGARA event [51,52].
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7. Summary

The KgKg, AKg, and AA femtoscopic correlations are studied using
lead-lead (PbPb) collision data at a center-of-mass energy per nucleon
pair of /sy = 5.02TeV, collected by the CMS Collaboration. This is
the first report on AA correlations in PbPb collisions at the CERN LHC.
The source size R, , and the correlation strength parameter 1 were ex-

tracted for KgKg correlations in six centrality bins covering the 0-60%
range. The value of R, , decreases from 4.6 to 1.6 fm going from cen-
tral to peripheral collisions and agrees with results from the ALICE
Collaboration at a similar transverse mass. Along with the R, and / pa-
rameters, the strong interaction scattering parameters, i.e., the complex
scattering length and effective range, were extracted from AKg and AA
correlations in the 0-80% centrality range. These scattering parameters

indicate that the AK(S) interaction is repulsive and that the AA interaction

is attractive. The scattering parameters obtained from AKg correlations
differ from those reported by the ALICE Collaboration. The positive real
scattering length obtained from the AA correlation disfavors the exis-
tence of a bound H-dibaryon state. The AA scattering parameters help
to constrain baryon-baryon and, more specifically, hyperon-hyperon in-
teraction models. These measurements provide an additional input to
understand the nature of the strong interaction between pairs of strange
hadrons.
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