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ARTICLE INFO ABSTRACT

Editor: M. Doser The first measurements of femtoscopic correlations with the particle pair combinations I[tKg in pp collisions at

\/E =13 TeV at the Large Hadron Collider (LHC) are reported by the ALICE experiment. Using the femtoscopic
approach, it is shown that it is possible to study the elusive Kj(700) particle that has been considered a tetraquark
candidate for over forty years. Source and final-state interaction parameters are extracted by fitting a model
assuming a Gaussian source to the experimentally measured two-particle correlation functions. The final-state
interaction in the Il'iK(S) system is modeled through a resonant scattering amplitude, defined in terms of a mass
and a coupling parameter, The extracted mass and Breit-Wigner width, derived from the coupling parameter, of
the final-state interaction are found to be consistent with previous measurements of the K;(700). The small value
and increase of the correlation strength with increasing source size support the hypothesis that the K;(700) is a
four-quark state, i.e. a tetraquark state of the form (q;,q,,q3,q3) in which q;, g, and q; indicate the flavor of the
valence quarks of the = and K(S). This latter trend is also confirmed via a simple geometric model that assumes a
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tetraquark structure of the K(’;(700) resonance.

1. Introduction

Femtoscopy with identical charged pions has been a useful tool for
many years to experimentally probe the geometry of the space-time
structure of the freeze-out probability distribution in high-energy pp
and heavy-ion collisions [1]. Identical-kaon femtoscopic measurements
have also been carried out to complement the identical pion studies, ex-
amples of which are measurements in Au-Au collisions at center-of-mass
energy per nucleon pair m =200 GeV at the Relativistic Heavy-lon

Collider by the STAR Collaboration [2] (Kg Kg) and PHENIX Collabora-

tion [3] (K*K%), and for pp collisions at /s = 5.02, 7, and 13 TeV and
Pb-Pb collisions at y/syy = 2.76 TeV at the CERN LHC by the ALICE
Collaboration [4-7] (KgKg and KtK*).

In the femtoscopic method, the momentum correlations of pairs of
particles when interactions with the other particles in the collision sys-
tem cease, i.e. during “freeze out” [8], can be utilized to get insight into
the strength of the pair interaction, i.e. the final-state interaction (FSI),
at low relative momentum. The homogeneity region size, the strength,
and even the nature of the FSI at freeze out can be determined by fitting
the experimental two-particle correlation function to a model based on
the FSI. Results on non-identical kaon femtoscopy with K(s) K* pairs were

published by ALICE in pp collisions at \/E =5.02, 7, and 13 TeV and Pb-
Pb collisions at 4/syy =2.76 TeV [7,9,10]. Although the general goals
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of non-identical kaon femtoscopy studies overlap with those for identi-
cal kaon femtoscopy, e.g. to extract information about the space-time
geometry of the collision region and determine the pair-wise interaction
strength, the latter is different in each case. For the identical kaon cases,
in which pair-wise quantum statistical correlations are present, the in-
teractions are the following: K*K* — Coulomb interaction, and KgKg -
strong FSI through the £,(980)/a,(980) resonances. For the KgKi pairs,
there are no quantum statistical correlations and the only interaction
present is the strong FSI through the ay(980) resonance.

K‘S’Kir femtoscopy should thus be sensitive to the properties of the
a,(980) resonance. It has been suggested in many papers in the literature
that the a;(980) could be a four-quark or tetraquark state [11]. It was
first proposed in 1977 that experimentally-observed low-lying mesons,
such as the a;(980) and K(’;(700), are part of a SU(3) tetraquark nonet
using the MIT Bag model [12], which was later followed up with lattice
QCD calculations [13]. There have been a number of QCD studies of
these mesons that can be categorized as QCD-inspired models, see for
example Refs. [11,14-16], and lattice QCD calculations, see for example
Refs. [17-19].

Indeed, the results of the ALICE K(S)KJ—r studies mentioned above sug-
gested that the a(980) is a tetraquark state. This suggestion is based on
comparing the extracted pair-wise interaction strength of Kg K* between
pp and Pb-Pb collisions as well as with the K(S) K(s’ studies [4,6,7,9,10].
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From a geometric picture, since a tetraquark version of the a;(980) con-
tains a strange — anti-strange quark pair, a FSI through it should be
suppressed for a small system as in pp collisions due to an increased
annihilation probability, whereas for a large Pb-Pb collision this sup-
pression should not be present. Thus, a strong FSI would be expected
from Pb-Pb collisions and weak FSI from pp collisions, and this is what
was observed in experiments. It would also be expected that a strong
pair-wise correlation would be seen for KgK(S’ studies since quantum
statistics is dominant over FSI effects. This exception is corroborated
by experimental findings [4,6,7].

The success of the ALICE KgKJ—r studies on the nature of the a;(980)
resonance motivated the first femtoscopic study ever of niK(s) cor-

relations in \/E = 13 TeV pp collisions. Another resonance that is a
tetraquark candidate is the K (700) that decays with a branching ratio of
~100% into zK pairs [12]. The KS(700) is listed in the Review of Parti-

cle Physics [20] as a strange meson with spin 0 and isospin %, the quark
content of the K3(7OO)+ state being us. Its mass is listed as 845 + 17
MeV/c? and it is a very broad resonance with Breit-Wigner width of
468 + 30 MeV/c?. The mass of the K(’:(700) is above the ﬂiKg thresh-
old, that is of about 637.18 MeV/c2, and its width is seen to encompass
this threshold and below. The tetraquark version of the K;‘)(7OO)+ would

have quark content usdd and would decay by direct quark transfer into
a ztK0 pair [12]. Thus by measuring zf—rK(S) correlations it should be
possible to study the quark nature of the K{j(700) using similar methods
as mentioned above for the a;(980) studies, i.e. measuring the strength
of the FSI, assuming that the niK(S) FSI goes solely through the K{(700).
This scenario will be studied by extracting the mass and width param-
eters of the FSI and comparing them with previous measurements of
the K(’;(700) [21]. In the present Letter, a study of femtoscopic correla-

tions with the non-identical pair combination rf—’K(S) in pp collisions at

\/E = 13 TeV is presented for the first time to study the nature of the
K{(700) resonance. The choice of using pp collisions for this work re-
sponds to the necessity of studying the FSI in a small system in which
the strength of the FSI is expected to be more sensitive to the system
size and thus to the quark nature of the resonance [7]. Due to the short-
range nature of the strong interaction which might produce the resonant
state, measurements in pp collisions are more suited since interparticle
distances of a few fm are obtained [8]. Moreover, it has already been
observed that the presence of resonances in the correlation function is
enhanced for measurements in small colliding systems, since the signal-
to-background for the considered state scales as 1/multiplicity [8].

The results presented in this Letter are obtained using data collected
by the ALICE Collaboration [22,23] during the 2015-2018 pp LHC run.
The Letter is organized into seven sections: Introduction, Data Analysis,
Correlation Function, Fitting, Systematic uncertainties, Results and Dis-
cussion, and Summary. The Data Analysis section gives details on how
the data were taken and how the z* and K(s) were reconstructed and
identified. The Correlation Function section describes how the 7*K?
pairs were used to construct the correlation functions for this analy-
sis. The Fitting section describes the model used to fit the correlation
functions in order to extract the source parameters and FSI parame-
ters. The Systematic uncertainties section discusses how the system-
atic uncertainties were calculated. The Results and Discussion section
presents the results for the extracted parameters and discusses their in-
terpretation. The Summary section summarizes the results of the present
work.

2. Data analysis

The ALICE detector and its performance are described in detail in
Refs. [22,24]. Collision events are selected by using the information
from the VO detectors composed of the VOC and VOA scintillator ar-
rays [25,26], located on both sides of the interaction point, covering
the pseudorapidity intervals —3.7 <5 < —1.6 and 2.8 <7 < 5.1, respec-
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tively. In the analysis 5 x 108 minimum bias triggered pp collisions at
\/E =13 TeV were used. Charged particle multiplicity classes, given in
terms of multiplicity percentile intervals of the visible inelastic pp cross
section, were also determined from the VO detectors [27].

The Time Projection Chamber (TPC) [28] and the Inner Tracking
System (ITS) [22] were used for charged particle tracking. These detec-
tors cover the pseudorapidity range of |5| < 0.9 and are located within
a solenoid magnet with a field strength of magnitude B = 0.5 T. The
momentum (p) determination for charged tracks was made using only
the TPC space points. The ITS provided excellent spatial resolution in
determining the primary collision vertex. This vertex was used to con-
strain the tracks reconstructed with the TPC, requiring it to be within
+10 of the center of the ALICE detector. The average momentum res-
olution typically obtained in this analysis for charged tracks was less
than 10 MeV/c [24]. The selections based on the quality of track fit-
ting [24,28,29], in addition to the standard track quality criteria [24],
were used to ensure that only well-reconstructed tracks were taken into
account in the analysis. The quality of the track was determined by the
12/ N value for the Kalman fit to the particle trajectory in the TPC,
where N is the number of TPC clusters attached to the track [24]. The
track was rejected if the value was larger than 4.0.

Analysis specific event selection criteria were also applied. The
event must have one accepted possible rf—'Kg pair. To reduce the ef-
fects of mini-jets which tend to produce non-flat structures in the two-
particle correlation functions used in femtoscopy [30], a selection on
the event transverse sphericity, calculated from the azimuthal distri-
bution of tracks, was applied by requiring St > 0.7. St is a scalar
quantity that takes values in the range 0 — 1 characterizing the event
shape, i.e. St ~ 0 values represent elongated events that are “jet-like”
and result from a single hard-scattering of partons, whereas St ~ 1 val-
ues represent spherical “non-jet-like” events resulting from many soft
parton scatterings or several hard parton scatterings. See Ref. [30] for
more details. Note that the St > 0.7 selection is estimated to have < 10%
effect on the multiplicity of tracks entering the femtoscopy analysis
since this selection tends to remove single hard-scattering events. Pile-
up events were rejected using the timing information from the VO (for
out of bunch pile-up) and multiple reconstructed vertices from tracks (or
track segments in the Silicon Pixel Detector layers of the ITS) [29,30].
The possible effect due to remaining pile-up events passing the event
selection criteria described above was investigated by performing the
analysis using only low interaction-rate data-taking periods. No signif-
icant difference was found in the results of the analysis compared with
the higher interaction-rate runs used. Both sets of runs were combined
for the present analysis.

Charged particles were identified with the central barrel detectors.
Particle Identification (PID) for reconstructed tracks was carried out
using both the TPC and Time-Of-Flight (TOF) detectors. For the TPC,
the specific ionization energy loss dE/dx was measured, and for the
TOF, the flight time of the particle in the pseudorapidity range || < 0.9
was measured [29,31]. For the PID signal, a value (IV,) was assigned
to each track denoting the number of standard deviations between the
measured PID signal and the expected values, assuming a mass hypoth-
esis, divided by the detector resolution for both detectors [6,24,29,31].
A parametrized Bethe-Bloch formula [24] was used for the TPC PID to
calculate the expected energy loss (dE/dx) in the detector for a parti-
cle with a given charge, mass, and momentum. The particle mass was
used to calculate the expected time-of-flight as a function of track length
and momentum for the TOF PID. The detailed description of the particle
identification methods is given in Ref. [32].

For Monte Carlo (MC) calculations, particles from pp collisions simu-
lated by the general-purpose generator PYTHIA8 [33] with the Monash
2013 tune [34] were transported through a GEANT3 [35] model of the
ALICE detector. The total number of simulated pp collisions used in this
analysis is 5 x 108.
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Table 1
7% and Kg selection criteria.
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Neutral kaon selection

Value

Daughter py

Daughter ||

Daughter DCA (3D) to primary vertex
Daughter TPC PID [N,]

Daughter TOF PID [N,] (for p> 0.8 GeV/c)
Kalman fit y*/N

>0.15 GeV/c
<0.8

>0.4 cm

<3

<3

<4

nl

DCA (3D) between daughters
DCA (3D) to primary vertex
Decay length (3D, lab frame)
Decay radius (2D, lab frame)
Cosine of pointing angle
Invariant mass

<0.8

<03 cm

<03 cm

<30 cm

>0.2 cm

>0.99

0.485 <m < 0.510 GeV/c?

Primary pion selection

Value

Pr

nl

Transverse DCA to primary vertex
Longitudinal DCA to primary vertex

0.15<pr <1.2GeV/c
<0.8

<24 cm

<3.0cm

TOF PID [N,] with valid TOF signal and p> 0.5 GeV/c <2

TPC PID [N,] if no TOF signal for all p
Kalman fit y>/N

<2
<4

The methods used to select and identify individual K(S’ and z* parti-
cles are similar to those used for the ALICE K* K(S) analysis in pp collisions
at /s =13 TeV [7].

K(S) are reconstructed from their decay into z*z~, which has a
branching ratio of 69% [20]. The neutral K(S) decay vertices and parame-
ters are reconstructed and calculated from pairs of detected z* 7~ tracks,
and selected based on their invariant mass and the Kg decay topology.
The selection criteria for the K(S) and the daughter pions are shown in
Table 1.

The selection criteria are based on decay topology, i.e. distance-of-
closest-approach (DCA) between charged pion daughters, DCA of daugh-
ter pion to the primary vertex, DCA of reconstructed K(S) to the primary
vertex, cosine of pointing angle, and decay length of K, and were tuned
to optimize purity and statistical significance. If two reconstructed Kg
particles share a daughter track, both are removed from the analysis.
The MC samples were used to study any bias that might be induced
by this procedure, which resulted in rejecting < 1% of the K(S) candi-
dates [6,7]. Reconstructed K(S) candidates within invariant mass range
0.485 < m(z*7~) < 0.510 GeV/c? are used in this analysis which gives
98 + 1% purity of Kg The purity here is defined as signal/(signal + back-
ground). The signal and background counts are calculated by fitting a
fourth-order polynomial to the side-bands of the signal region to esti-
mate the background there and subtracting this from the invariant mass
histogram. A Gaussian is used to fit the signal peak in the invariant mass
distribution (see Fig. 2 of Ref. [6]).

Primary charged pions are selected using the PID information from
the TPC and TOF detectors. The TPC is used for PID in the full momen-
tum range, except if a valid TOF signal is available for p > 0.5 GeV/c
then TOF PID is used. For more details, refer to Refs. [5,6]. Table 1
summarizes the criteria used for the charged pion selection. The aver-
age charged pion purity is found using MC simulations to be 98.1+0.1%,
in agreement with the charged pion purity reported in Ref. [6].

Two-track effects, such as the merging of two real tracks into one
reconstructed track and the splitting of one real track into two recon-
structed tracks, are an important challenge for femtoscopic studies. A
selection on the minimum separation distance between the primary pion
and a daughter pion from the decay of the K(S) in the z+K? pair was made
from the corresponding TPC tracks using the same method as described
in Ref. [7]. The distance between the two tracks was calculated in differ-

ent positions along their trajectory in the TPC (at radial distances from
85 to 150 cm from the interaction point) and a minimum separation
distance of 20 cm was required.

3. Measurement of correlation functions

The momentum correlations of ﬂiKg pairs using the two-particle
correlation function are studied in this analysis. The correlation func-
tion is defined as C(k*) = A(k*)/B(k*), where A(k*) is the measured
distribution of pairs from the same event and B(k*) is the reference dis-
tribution of pairs from mixed events. The denominator B(k*) is formed
by mixing particles from one event with particles from 10 different
events that satisfy the conditions that the primary vertex positions along
the beam direction are within 2 cm of each other, and have similar mul-
tiplicity, i.e. events within 2% difference in multiplicity percentile are
mixed. Other sizes of the mixed events buffer were also investigated
with no significant effect on the results of this work. All events used are
required to satisfy the St > 0.7 selection. The k* is the magnitude of the
momentum of each of the particles in the pair rest frame. In the present
case of unequal mass particles in the pair, m; and m,, k* is given by

a2 — m*m?
k¥ = 2l 2 - (1)
2a+ my +m;
where,
a= (qi2nv + m% + m%)/Z. 2)

For convenience, the square of the invariant momentum difference
qiznv =|p; —p»|? — | E; — E,|? is evaluated with the momenta and energies
of the two particles measured in the laboratory frame. In the case where
m; =m,, k* can be expressed as k* = gy, /2. A k™ bin size of 20 MeV/c
was used in the analyses presented in this Letter.

Correlation functions are analyzed for three cases: 1) 0 — 100% mul-
tiplicity class and kr > 0 GeV/c, 2) 0 — 100% multiplicity class and
kr <0.5 GeV/c, and 3) 0 — 5% multiplicity class and k < 0.5 GeV/c,
where kt = |pp| + P2|/2, and where pr; and pr, are the transverse
momenta of the particles in the pair. The three cases correspond to
the following average k and average charged-particle pseudorapidity
density ((d N /dn) in the || < 0.8 range) values [27]: 1) (k) = 0.655
GeV/c, (dN /dn) =6.89, 2) (kr) =0.323 GeV/c, (dN /dn) = 6.89, and
3) (kr) =0.326 GeV/c, (d N /dn) = 21.2. The purpose of analyzing these
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Fig. 1. Top row: n:‘—'Kg correlation functions experimentally measured (blue dots) compared with PYTHIA8+GEANT3 simulations (red squares) obtained in pp
collisions at \/E =13 TeV for 0 — 100% multiplicity class and k; > 0 (left), 0 — 100% multiplicity class and k; < 0.5 GeV/c (center), and 0-5% multiplicity class and
kt < 0.5 GeV/c (right). The PYTHIA8+GEANTS3 correlation function is normalized to the data at k* = 0.5 GeV/c. Bottom row: Ratio of Data to PYTHIA8+GEANT3
simulations for the three studied cases. Statistical uncertainties are represented by bars.

cases is to obtain different femtoscopic source sizes and to study the
effect of source size on the FSL It has been found from femtoscopy mea-
surements in pp collisions that the source size depends on both (k) and
(dN /dn) [4,36]. In addition, case 1) was chosen to maximize the sam-
ple size and to provide a selection-free case to compare with the other
cases having multiplicity and k selections.

Monte Carlo simulations were used to simulate correlation func-
tions which were compared with experimental data. Fig. 1 shows in the
top row the correlation functions experimentally measured (blue) along
with the simulated ones (red). The MC correlation functions are nor-
malized to the experimental ones at k* = 0.5 GeV/c for the three cases
mentioned above. The single-event and mixed-event distributions of the
correlation functions are summed over I'L'+K(S) and n‘Kg pairs, since it
is found that there is no significant difference between the 7r+K(s) and

T[—Kg corresponding correlation functions. The decay of the K*(892) me-
son is clearly seen at k* ~ 0.3 GeV/c for all cases. For k* > 0.35 GeV/c
a non-flat baseline is also observed in all cases. This non-flat baseline
is associated with soft parton fragmentation, or mini-jets, that are not
completely suppressed by the transverse sphericity selection [36-38], as
well as the presence of momentum conservation effects. Non-flat base-
lines in two-particle correlation functions obtained in pp collisions are
often observed [9,36,37]. In particular, measured correlation functions
show a decreasing dependence of the baseline with increasing k* for low
multiplicity classes, and a reversal of this dependence for higher mul-
tiplicity classes, as seen in Fig. 1. This effect in the data is seen to be
present as well in the PYTHIAS simulations. The simulations well repro-
duce the K*(892) peak and the background visible at larger k*, hence in
order to remove these two contributions, the measured correlation func-
tion is subsequently divided by the simulated one, defined as C ’(k*),
as shown in the bottom panels of Fig. 1. The statistical uncertainty from
the MC correlation function is propagated with the uncertainty from
the experimental one in the ratio, which becomes the final correlation
function.

Finite track momentum resolution can smear the relative momen-
tum correlation functions used in this analysis. This effect is corrected
using MC simulations as done in previous works [22,23]. It is found
that the effect of the momentum resolution correction is small for the
very lowest k* bin with the largest statistical error bars and negligible

for the rest of the bins, resulting in a < 3% effect on the extracted fit
parameters.

4. Fitting

The momentum resolution corrected ratio of the experimental niKg
correlation function to the MC correlation function was fitted by a model
in order to extract information on the size of the source, as well as the
strength and nature of the FSI between the particles in the pair. The fit
function is given by,

* « dNpw dm
C'(k"y=« Clednicky(K) + € Tm Ak 3
where,
dN r
BW 892 . )
dm (m—mggy)* + gy /4

is the Breit-Wigner resonance distribution. This last term fits out any
residual presence of the K*(892) peak (see below).

The quantities € and k, where ¢ is the magnitude of a correction
term on the MC modeling of the K*(892) (see below) and « is an overall
normalization factor, are fit parameters, and I'gg, and mg, are the full-
width at half maximum (FWHM) and mass of the K*(892), respectively,
taken from the Review of Particle Physics [20]. The first term in Eq. (3)
is a modified version of the Lednicky parametrization [2,39,40] which
assumes that the pair interaction is due to strong final-state interaction
of a near-threshold resonance. The second term in Eq. (3) is used to
fit out the small residual bump in the ratio that results from a slight
overcompensation of the MC in modeling the K*(892) peak in the data
that can be seen in Fig. 1, located at k* ~ 0.3 GeV/c. Fitting out this
residual bump results in an improved 2 /ndf for all of the fits.

A Gaussian distribution of the source size in the pair reference frame
is assumed in the FSI parameterization. More general forms for this dis-
tribution could be used, but using the Gaussian results in the analytic
form of the Lednicky equation. Another motivation for staying with the
Gaussian is to facilitate comparisons with previous published results that
also used the Gaussian distribution.
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Fig. 2. Example fit of Eq. (5) to the corrected correlation functions after Eq. (3) has been used to remove the PYTHIA8+GEANT3 overcompensation of the K*(892), for
z* Kg from \/E =13 TeV pp collisions for 0 — 100% multiplicity class and k; > 0 (left), 0 — 100% multiplicity class and ky < 0.5 GeV/c (center), and 0-5% multiplicity

class and kr < 0.5 GeV/c (right). Statistical uncertainties are represented as bars.

The quantity Cy ¢gnicky (k™) has the form

o (A |[SUD P AR (K .
Clednicky (k") =1 +( 5 ) [‘—R + 7\/7_”2 F,(2k*R)
_ %@Fz(m)m] -
and
; x2—z2 1— _z2
Fy(z)= / dx$—; Fy(z)= —%—. )
V4 V4

0

a is the symmetry parameter and is set to 0.5 assuming symmetry in

K? and K° production since the K(S) is a linear combination of these; R

is the radius parameter of the source; and 4 is the correlation strength.
The term f(k*) is the s-wave ﬂiKg scattering amplitude whose FSI con-
tribution is the near-threshold resonance. A relativistic Breit-Wigner
amplitude is assumed,

4

fK) = ————.
MIZQ —s—iyk*

)

In Eq. (7), M, is the mass of the resonance, and y is the coupling of
the resonance to its decay channel, i.e. niKg. Also, s =(4/ m2K + k*2 +

\/m2+ k*2)2 is the square of the energy of the pair in its rest frame. A
Breit-Wigner form was chosen for f(k*) since the fitted M and y to
the FSI resonance from the present work will be compared with other
measurements that used the Breit-Wigner form in order to identify the
resonance [41,42].

The quantity AC is a correction to the derivation of Eq. (5), that as-
sumes spherical outgoing waves, to account for the true scattered waves
in the inner region of the short-range potential [2,7], and is given by,

_QAmy/mg +myg/my)

2\/;R3y

As a test, a p-wave term was added to the s-wave term in the scatter-
ing amplitude in deriving the Lednicky equation to study whether there
was interference of the K*(892) with the s-wave FSI. It was found that
the p-wave term had a negligible effect on the fits, and was thus ignored.

The fitting strategy was to make a six-parameter fit of Eq. (3) to
the corrected ratio of the experimental niKg correlation function to the
corresponding MC correlation function to extract R, 4, Mg, 7, €, and .
The nominal fit range is 0 < k* < 0.76 GeV/c in all cases. The nominal
maximum of 0.76 GeV/c of the fit range was set to give the optimal
overlap between the experimental and MC correlation functions in the
baseline region.

Fig. 2 shows the correlation functions and fits. The MC overcompen-
sation of the K*(892) has been removed from the “Data/MC” points by
subtracting out the second term in Eq. (3) in order to show how well

AC Lf (k™). ®

Clednicky (k™) fits the ratio, and the ratio has been divided by x. The
7 /ndf for the fits shown in Fig. 2 are 1.6, 1.8, and 0.92, with p-values
of 1.7% and 0.36% and 60%, respectively.

5. Systematic uncertainties

Table 2 shows the total systematic uncertainties on the R, 1 Mg,
and y parameters extracted from the 7% Kg correlation function in pp

collisions at 4/s =13 TeV.

The “fit systematic uncertainty” column reports the systematic un-
certainty due to varying the k* fit range. Varying the fit range by 20%
resulted in < 3% effect on the fit parameters. Fitting uncertainties were
calculated including correlations among the fit parameters as done us-
ing a MINOS algorithm in order to obtain conservative estimates of the
uncertainties [43].

The “selection systematic uncertainty” column reports the systematic
uncertainty related to the variation of track and PID selection criteria
used in the data analysis. To determine this, the single particle selection
criteria shown in Table 1 were varied by +10%, and the value chosen
for the minimum separation distance of same-sign tracks was varied by
+20% [7]. The systematic uncertainty related to the sphericity selection
of St > 0.7 is also included in this source of systematic uncertainty,
where St was varied by +10% from its nominal selection value. The
uncertainty was estimated from the variation of the results with respect
to those obtained with the nominal selections. The resulting relative
systematic uncertainties are of about 10% for A, about 5% for R, and
about 2% for the other parameters.

The “total systematic uncertainty” column is obtained as the sum
in quadrature of the contribution of the two sources described above.
The “total uncertainty” column is the sum in quadrature of the statisti-
cal uncertainty and the total systematic uncertainty. As seen, the total
systematic uncertainties tend to be greater than or comparable to the
statistical uncertainties. Table 3 shows an approximate breakdown of
the relative systematic uncertainties (in percentage) from the different
variations considered. See Table 1 in Section 2 for the nominal values of
the selection criteria. Note that “min. sep. var.” refers to the variation
of the selection for minimum separation between K(S) daughter and pri-
mary pions in the TPC, mentioned earlier, and “m(z*z~) and primary
vertex variations” refer to the combined effect of varying the invariant
mass selection for K(S) and varying the selection for the primary vertex of
the event. As seen, in general the variations have the largest effect on 4
and the smallest effect on My and y, with the .St variation having the
largest single-variation effect on all of the parameters.

6. Results and discussion

The R, A, My, and y parameters extracted from the present anal-
ysis of niKg correlation functions in pp collisions at \/E =13 TeV are
reported in Table 2 for the three cases mentioned above. The A parame-
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Table 2
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Fit results for R, A4, My, and y showing statistical and systematic uncertainties from the present analysis.
Uncertainties are symmetric unless specified otherwise. See the text for the description of the various

sources of uncertainties.

R, A, My, ory fit value statistical fit systematic selection total total

uncertainty uncertainty systematic systematic uncertainty
uncertainty uncertainty

0—100%

multiplicity class

kr >0

R (fm) 0.912 0.037 0.011 0.053 0.054 0.065

A 0.0783 +0.0096 0.0032 0.0078 0.0084 +0.0127
-0.0086 -0.0121

Mp (GeV/c?) 0.833 0.002 0.006 0.013 0.015 0.015

v (GeV) 0.890 0.015 0.012 0.016 0.020 0.025

0 - 100%

multiplicity class

kr <0.5 GeV/c

R (fm) 1.063 0.058 0.015 0.064 0.066 0.088

A 0.111 0.017 0.004 0.013 0.014 0.022

My (GeV/c?) 0.804 0.003 0.005 0.013 0.014 0.014

7 (GeV) 0.801 0.023 0.020 0.014 0.024 0.033

0-5%

multiplicity class

kr <0.5 GeV/c

R (fm) 1.618 +0.136 0.015 0.089 0.090 +0.163
-0.109 -0.142

A 0.274 +0.077 0.001 0.026 0.026 +0.081
-0.053 -0.059

My (Gev/c?) 0.765 0.004 0.002 0.012 0.013 0.013

7 (GeV) 0.714 +0.042 0.005 0.013 0.014 +0.044
-0.037 -0.039

Table 3

Breakdown of the relative systematic uncertainties for R, A, My, and y from the variation of track, PID and mixed-
event selection criteria. The %A row is the percentage that the quantity was changed. See the text for the description

of the various uncertainties.

Quantity Fit Min. sep. TOF, TPC DCAvar. m(z*x~) and Multiplicity Decay Sy var.
changed range var. N, primary vertex difference for length
var. event mixing
%A 20 20 10 10 10 10 10 10
%R 1 1 2 2 1 1 1 3
%A 3 5 3 3 3 2 2 5
%M g 1 <1 <1 <1 <1 <1 <1 2
%y 2 1 <1 <1 <1 <1 <1 2
ters are corrected for purity by dividing the extracted A values with the Table 4

product of the #* and K(S) purities (see Section 2).

Since the main goal of this measurement is to study the K{(700) res-
onance, one must first establish that the FSI of the niK(S) pair occurs
indeed through this resonance. This can be done by comparing the mea-
sured My and y parameters extracted from this analysis with previously
measured values of My and I'y, for the K{j(700) [41,42], where Iy is the
FWHM of the relativistic Breit-Wigner resonance distribution, whose
amplitude is expressed as [44],

1

I (€C)]
M} —s—iMgl'g

f(s)~
Comparing this denominator with the denominator of Eq. (7), one
can obtain an estimate for I'; from the present results,

_ (k)

r
R M,

. 10
where (k*) is the average of k* determined by weighting k* by the ex-
perimental d N /dk* distribution over the fit range used in fitting Eq. (3)
to the correlation function. Table 4 lists the values of ', extracted from
the present work using Eq. (10) for the three cases studied. The uncer-
tainties shown for (k*) are estimated by considering different k* ranges

The (k*) and corresponding I'; extracted from the three cases measured
in the present work using Eq. (10).

Case (k*) (GeV/c) Ty (GeV/c?)
0 — 100% multiplicity class, k; >0 0.403%00% 0.430%00%
0 — 100% multiplicity class, k; < 0.5 GeV/c ~ 0.408*005 0.406+00%
0 - 5% multiplicity class, k; <0.5 GeV/c 0.418+07 0.390+00%

for calculating the average, namely 0 < k* < 0.6 GeV/c and 0 < k* <2
GeV/c, and taking the differences from the nominal (k*) to obtain con-
servative estimates of the uncertainties.

Fig. 3 compares the values of M and I'y extracted in the present
work with measurements of these quantities for the Ké (700) from the
BES [41] and E791 Collaborations [42]. The BES Collaboration mea-
sured the relativistic Breit-Wigner parameters of the K(*)'(700) through
the decay of the J/y meson, whereas the E791 Collaboration measured
them through the decay of the D meson. The total uncertainties de-
fined as the quadratic sum of the statistical and systematic uncertainties
are shown on the points for all cases. As seen, the values reported in this
work agree within uncertainties with the KS(700) Breit-Wigner param-
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Fig. 3. The extracted Breit-Wigner parameters from the ﬂiKg femtoscopic cor-
relation in pp collisions at \/E =13 TeV compared with those for K;(700) from
the BES [41] and the E791 [42] experiments. The horizontal and vertical bars
represent the total uncertainties. The “ALICE average” value is the weighted av-
erage of the three ALICE points.
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Fig. 4. The A parameter as a function of source size R extracted from the ziK‘S’
femtoscopy measurement in pp collisions at \/E = 13 TeV. Results are compared
with the previous ALICE measurements, obtained from K(S) Kg [6,7]1 and #x [36]
femtoscopy studies in pp and Pb-Pb collisions and the calculations from a toy
geometric model (see text). The model calculations for the tetraquark and di-
quark hypotheses for the K{(700) are shown as black and light green dashed
lines, respectively, the short dashed lines representing the Gaussian p(r) and the
long dashed lines representing the exponential p(r).

eters measured in the other two experiments. It is seen that the present
results have smaller uncertainties than the previous measurements. It
is also seen that although the three I'p values from the present work
agree within uncertainties, the differences among the three M values
are outside of their uncertainties. This could be a consequence of us-
ing the Breit-Wigner function to fit a resonance where the condition
I'r < My, is not fulfilled, which can lead to kinematic dependences on
the extracted My and I'y [20,44]. However, these differences in Mg
are small compared with the extracted My values, and thus it is judged
that these results strongly support the assumption that the resonance re-
sponsible for the FSI of the ﬁiK(S) pairs studied in the present work is
the K3(700) resonance.

The extracted R and A parameters shown in Table 2 can be used to
obtain information about the quark configuration of the Kf(700). Fig. 4
compares the values of R and A extracted in the present work with pub-
lished results for these parameters from ALICE measurements in pp and
Pb-Pb collisions in which zx and K(S)Kg pairs were analyzed [4,6,7,36].

The ﬂiKg results are shown with separate statistical (error bars) and
systematic (boxes) uncertainties, whereas for the previous results, the
error bars represent the combination of the statistical and systematic
uncertainties. For the zz femtoscopic measurements in pp collisions at
\/_ =7 TeV reported in [36] with average k values of ~ 0.15 and ~ 0.35

GeV/c, the A values are given as varying in the range 0.42 — 0.55, so A
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is plotted as the center of this range with uncertainties extending to the
upper and lower limits of the range.

For the R parameter, the values from the present niKg analysis are
comparable with the published zz and K(S) Kg measurements in pp colli-
sions, i.e. in the range 1-2 fm, as would be expected from pp collisions
where the source size is ~ 1 fm. For the A parameter, whereas the results
from 7z and Kg K(s) are compatible with values of about 0.5 or greater, for
the present niKg analysis significantly lower values are obtained, rang-
ing from about 0.05 to about 0.25 depending on R. The expectation is
that 4 would be the same for niKg as for the identical-meson measure-
ments. The A value of ~ 0.5 has been shown to be due to the presence
of long-lived resonances whose decay into the detected mesons impacts
the measurement of the “direct” mesons coming from the source of in-
terest [7,45]. Another significant difference between the present ﬂ’—’Kg
results and the 7z and Kg Kg results is that A has a strong R dependence
for the former, whereas there is no significant dependence of 4 on R
for the latter, i.e. even extending R to the value from Pb-Pb collisions
shows no significant effect on A.

As discussed in Refs. [7] and [9], a physics effect that could cause this
difference in A values for niKg pairs is related to the possibility that the
K{(700) resonance, that is assumed to be solely responsible for the FSI
in the n:“—'K(S) pair, is actually a tetraquark state of the form (q;,q,,93,93),
in which q,, q, and q; indicate the flavor of the valence quarks of the
7 and K(S). In particular, q; and g, can be a u or s quark, while q; is
a d quark. For example, the quark content of a tetraquark K;(700)+

would be usdd, whereas the diquark version would be us. The strength
of the FSI through a tetraquark Kg(700)’r could be decreased by the small

source size of the niKg source, i.e. at R ~ 1 fm as is measured in these

collisions. This could occur since d—d annihilation would be enhanced
due to the proximity of the #* and K(S) at their creation, which would
open up a non-resonant channel in the scattering process that would be
reflected by reducing 4. For a FSI through a diquark K (700)*, with the
form us, the small source geometry should not reduce its strength. For
the Kg Kg and zx cases, A should not be affected by the source size since
the pair correlation is dominated by the effect of quantum statistics, for
which in the ideal case A does not depend on R, and which is found to
be much stronger than the strong FSI present for these identical particle
pairs [2].

In order to demonstrate the R dependence of 4 for a tetraquark or a
diquark K(’;(700) based on the geometric considerations discussed above,
a simple toy model is constructed, taking the form of the A factor for a
tetraquark state,

A= Ay(1 —aP) an

and for a diquark,

A=AgaP 12

where,

PR
pe [ p()p(IF = RDAV 13)

AL GIRA%
can be considered the “overlap probability” between the 7 and K(S) in the
pair as they are emitted from the pp collision. The quantity p(r) is the
meson volume distribution, assumed to be the same for the 7 and K(S), Ao
is the maximum value for 4, and a is essentially the “d—d annihilation
efficiency” that in principle could take any value in the range 0 — 1. As-
suming p(r) ~ e~ /2 or ~ ¢~1/70, Ao = 0.6, the average value for 7z
and KgKg measurements from Refs. [36] and [6,7], and assuming 100%
d—d annihilation efficiency for any non-zero overlap, a = 1, the free pa-
rameters of the model, i.e. ¢ and r, are adjusted to give a good fit to the
niKg measurements. The results from Egs. (11) and (12) are shown in
Fig. 4, along with the results from zriK(s’ measurements of this work and
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published ALICE measurements for K(S)K(s) [6,7] and zx pairs [36] from
pp and Pb-Pb collisions. The free model parameters are set to ¢ = 1.1 fm
and ry = 0.85 fm for the Gaussian (short dashed lines) and exponential
(long dashed lines) distributions, respectively, which are considered rea-
sonable values since hadronic sizes are expected to be ~ 1 fm. As seen,
using reasonable model parameter values, the tetraquark case, Eq. (11),
describes the R dependence of A from the present measurements well
for both the Gaussian and exponential meson shapes as being a geomet-
ric effect. The diquark case is seen to predict an R dependence that is
incompatible with the measured one.

Therefore, the present results of niKg femtoscopy in pp collisions at

\/E =13 TeV suggest that the K(’;(700) is a tetraquark state.
7. Summary

Femtoscopic correlations with the particle pair combination ﬂiKg

are studied in pp collisions at \/E = 13 TeV for the first time by the
ALICE experiment at the LHC. Source parameters and final-state inter-
action parameters are extracted by fitting a model based on a Gaussian
distribution of the source to the experimental two-particle correlation
functions. The model used assumes that solely the final-state interaction
through a resonance determines the correlations, and is defined in terms
of a mass and the coupling parameter to the decay into a ﬂiKg pair. The
extracted mass and width parameters of the FSI are consistent with pre-
vious measurements of the K(*)‘(700) resonance, and the smaller value and
increasing behavior of the A parameter with R compared with identical
boson measurements give support that the K(‘) (700) is a four-quark state,
i.e. a tetraquark state [19]. A simple geometric model that assumes a
tetraquark FSI describes well the R dependence of 4 extracted from the
measured correlation functions.
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