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Fig. 1. The mass pattern, quark content and natural decay couplings of (a) a q̄q nonet and (b) a q̄2q2

nonet.

which might distinguish between q̄q and q̄2q2 assignments. A recent quantitative study
favors the q̄2q2 assignment [2]. However the q̄q assignment has strong advocates [11]. We
hope that a suitably constrained lattice calculation can aid in the eventual classification of
these states.

2.2. Existing lattice studies

In this section we briefly summarize existing lattice calculations which bear on the
classification of the 0++ mesons. There have been lattice studies of both the spectrum
of 0++ states and the mixing of q̄q states with glueballs.
Unquenched spectroscopic calculations are just beginning to become available [13,14].

In principle, they are of interest because they would couple to a q̄2q2 configuration if it
is energetically favorable. One unquenched calculation reports tentative evidence of 0++

Predicted low-lying tetraquark nonet with candidate mesons
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Low-lying tetraquark states have been 
predicted for > 40 years.

Candidate mesons with the expected
masses, isospins and decay channels
have been found: 
e.g. a0(980), f0(980), K*0(700), f0(500)..

à But, it is still controversial whether or
not these mesons are four-quark states
(e.g. see “Non-qq-bar Mesons” in 2021
Review of Particle Physics) 

à Study the a0(980) with K0
SK± femtoscopy in pp and Pb-Pb collisions 

in the LHC ALICE Collaboration



Data sets used in this analysis: à
𝑠!! = 2.76 TeV Pb − Pb collisions, 0-10% central
𝑠 = 7 TeV pp collisions, minimum bias 3



Consider the correlations of two identical bosons, e.g. K0
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S, emitted 
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Femtoscopy with quantum statistics and strong final-state interactions
R. Lednicky and V.L. Lyuboshits, (Sov. J. Nucl. Phys. 35 (1982))



Assume the boson source density in the pair reference frame is a Gaussian with
radius parameter, R,

S r*( ) ~ exp −
r*2
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The two-boson correlation function is calculated by integrating over the symmetrized
wavefunction weighted by the boson source density, 
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The parameter l is an empirical parameter that measures the correlation 
strength à l = 1 in the ideal case, and a = 0.5 for K0

SK0
S correlations.
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Fig. 11: Sample experimental correlation functions plotted with fits of Eqs. 1 and 2 for 5.02 and 13 TeV pp !
K0

SK± for all multiplicity and 0.5 < kT < 0.7 GeV/c.

on the extracted fit parameters.342

5 Fitting343

Boson source parameters are extracted for K0
SK0

S and K0
SK± by fitting models based on Gaussian size344

distributions of the sources to the ratio of the experimental to the PYTHIA two-particle correlation func-345

tions, or using quadratic or exponential functions to model the baseline, respectively. The fitting model346

used for the K0
SK0

S case includes quantum statistics and strong final-state interactions through the f0/a0347

resonances. The fitting model used for the K0
SK± case involves only final-state interactions via the a0.348

These fitting models are now described below in detail.349

5.1 K0
SK0

S350

The K0
SK0

S correlation functions were fit with the Lednicky parameterization [3] which incorporates quan-351

tum statistics with strong final-state interactions (FSI). FSI arise in the K0
SK0

S channels due to the near-352

threshold resonances, a0(980)/ f0(980). This parameterization was created by R. Lednicky and is based353

on the model by Lednicky and V.L. Lyuboshitz [12, 13].354

The general form of the fit function used is:355
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The scattering amplitude is357
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I = 0 refers to the isospin-0 f0(980) resonance and I = 1 refers to the isospin-1 a0(980)
resonance, and the gI are the couplings of the resonances to their decay channels.

Scattering amplitude
for K0

SK0
S

where,

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

π+π−2π0 ( 1.8 ±0.4 ) × 10−4 376

2(π+π−) neutrals < 1 % 95% –
2(π+π−)π0 < 1.9 × 10−3 90% 298

2(π+π−)2π0 < 1 % 95% 197

3(π+π−) < 3.1 × 10−5 90% 189

π+π− e+ e− ( 2.4 +1.3
−1.0 ) × 10−3 458

π+ e− νe + c.c. < 2.1 × 10−4 90% 469

γ e+ e− ( 4.70±0.30) × 10−4 479

π0γγ < 8 × 10−4 90% 469

4π0 < 3.2 × 10−4 90% 380

e+ e− < 5.6 × 10−9 90% 479

invisible < 5 × 10−4 90% –

Charge conjugation (C ), Parity (P),Charge conjugation (C ), Parity (P),Charge conjugation (C ), Parity (P),Charge conjugation (C ), Parity (P),
Lepton family number (LF ) violating modesLepton family number (LF ) violating modesLepton family number (LF ) violating modesLepton family number (LF ) violating modes

π+π− P,CP < 6 × 10−5 90% 458

π0π0 P,CP < 4 × 10−4 90% 459

π0 e+ e− C [f ] < 1.4 × 10−3 90% 469

η e+ e− C [f ] < 2.4 × 10−3 90% 322

3γ C < 1.0 × 10−4 90% 479

µ+µ−π0 C [f ] < 6.0 × 10−5 90% 445

µ+µ− η C [f ] < 1.5 × 10−5 90% 273

e µ LF < 4.7 × 10−4 90% 473

f0(980)f0(980)f0(980)f0(980) [j ] IG (JPC ) = 0+(0 + +)

Mass m = 990 ± 20 MeV
Full width Γ = 10 to 100 MeV

f0(980) DECAY MODESf0(980) DECAY MODESf0(980) DECAY MODESf0(980) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

ππ dominant 476

K K seen 36

γγ seen 495

a0(980)a0(980)a0(980)a0(980) [j ] IG (JPC ) = 1−(0 + +)

Mass m = 980 ± 20 MeV
Full width Γ = 50 to 100 MeV

a0(980) DECAY MODESa0(980) DECAY MODESa0(980) DECAY MODESa0(980) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

ηπ dominant 319

K K seen †

γγ seen 490
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C(k*) is measured experimentally as

C k*( ) =
A k*( )
B k*( )

Where A(k*) is the measured distribution of boson pairs from the same event, and
B(k*) is the reference distribution of boson pairs from mixed events.

One extracts R and l parameters from the data by fitting the 
Lednicky equation to this experimental C(k*)
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The LHC ALICE Experiment has published three femtoscopy papers using K0
SK0

S
pairs to extract geometric information about the collision interaction region:

q 7 TeV pp à K0
SK0

S Phys.Lett.B717 (2012)
q 2.76 TeV Pb-Pb à K0

SK0
S , K±K±, pp, pp          Phys.Rev.C92 (2015)

q 2.76 TeV Pb-Pb à 3D K0
SK0

S, K±K± Phys.Rev.C96 (2017)J. ADAM et al. PHYSICAL REVIEW C 92, 054908 (2015)
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FIG. 8. (Color online) Rinv parameters vs mT for the three cen-
tralities considered for π±π±, K±K±, K0

SK0
S, pp, and pp. Statistical

(thin lines) and systematic (boxes) uncertainties are shown.

mT scaling of Rinv can be explained as a consequence of
the increase of the Lorentz factor with decreasing particle
mass. In a hydrodynamic model [50], scaling is observed
for the three-dimensional radii measured in the longitudinally
comoving system (LCMS). The transformation from LCMS to
PRF involves a boost along the outward direction only, where
the boost value is proportional to the transverse velocity of the
pair and inversely proportional to the particle mass (for similar
mT). Thus, a smaller mass leads to an increase in the boosted
Rout and, subsequently, Rinv in the PRF. Indeed, we observe
such an effect in the data, as pion radii are systematically
higher than kaon radii at the same mT.

A comparison of a hydrodynamic flow+kinetics model,
HKM [14], with the measured Rinv and λ parameters for 0–5%
centrality is shown in Fig. 9. The HKM values in Fig. 9 are
specifically from K±K±, but the predictions for K0

SK0
S and

K±K± are consistent with each other. For Rinv, the charged
kaon data show very good agreement with the predictions.
The experimental data for the neutral kaons are again slightly
higher than for the charged kaons, but this difference is still
within systematic uncertainties. For λ, both sets of kaon data
match the decreasing trend with increasing kT exhibited by the
HKM points, but the model slightly overpredicts the data. It is
shown in Ref. [14] that the most important resonances for KK

pairs, K*(890) and φ(1020), do not significantly influence the λ
parameter (due to their low contribution), and the discrepancy
between the model and experimental data can be explained
by the lower experimental kaon purity and deviations of
the experimental correlation function shape from a Gaussian
distribution. For protons, the HKM prediction is compatible
with the data. HKM calculations for one-dimensional pion
radii are currently not available, but three-dimensional radii
were reasonably reproduced by this model [51].

V. SUMMARY

Results from femtoscopic studies of π±π±, K±K±,
K0

SK0
S, pp, and pp correlations from Pb-Pb collisions at√

sNN = 2.76 TeV with ALICE at the LHC have been
presented. The femtoscopic radii and λ parameters were
extracted from one-dimensional correlation functions in terms
of the invariant momentum difference. It was found that
the emission source sizes of kaons and protons measured
in these collisions exhibit transverse mass scaling within
uncertainties, which is consistent with hydrodynamic model
predictions assuming collective flow. The deviation from the
scaling for the pions can be explained as a consequence of the
increase of the Lorentz factor with decreasing particle mass
during the transformation from LCMS to PRF systems [50].
The extracted λ parameters are found to be less than unity,
as is expected due to long-lived resonances and non-Gaussian
correlation functions. The predictions of the hydrokinetic
model (HKM) for the one-dimensional femtoscopic radii for
charged and neutral kaons and protons coincide well with the
observations.
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Radial flow effects and
mT scaling seen.
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K0SK± femtoscopy

Pair-wise interactions present (or absent) for K0
sK± pairs

Ø non-identical pairs à no quantum statistics
Ø K0

S is uncharged à no Coulomb interaction
Ø f0(980) resonance is neutral à no f0(980) strong interaction
Ø a0(980) resonance is isospin = 1 à a0(980) strong interaction 
should be present for both K0

sK+ and K0
sK- pairs

à K0
SK± femtoscopy selects for the a0(980)± as the FSI

9



Version of R. Lednicky equation used to extract (R, l) for K0
SK±

Since                                               à a = ½ , assuming no asymmetry

10

K 0K +  or K 0K −
R. Lednicky and V.L. Lyuboshits, Sov. J. Nucl. Phys. 35 (1982)
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K0
SK0

S and K0
SK± femtoscopy in ALICE 15

Ref m f0 g
f0KK̄

g f0pp ma0 g
a0KK̄

ga0ph
[15, 16] 0.967 0.34 0.089 1.003 0.8365 0.4580

Table 1: The f0 and a0 masses and coupling parameters used in the present analysis, all in GeV.
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Fig. 12: Sample fits of Eq. 3 to the ratio of the data to PYTHIA correlation functions for K0
SK0

S for 5.02 and 13
TeV pp collisions. Statistical errors are shown.

f (k⇤) is the s-wave K0K̄0 scattering amplitude whose contributions are the isoscalar f0 and isovector a0359

resonances; a is set to 0.5 assuming symmetry in K0 and K̄0 production; R is the radius parameter; and360

l is the correlation strength. In Eq. 10, I =0 or 1 for the f0 or a0, mI is the mass of the resonance, and361

gI are the couplings of the resonances to their decay channels. Also, s = 4(m2
K
+ k

⇤2) and k
0
I

denotes the362

momentum in the second decay channel. The quantity DC is a correction for small source sizes found in363

pp collisions [3]. The K0K̄0 s-wave scattering amplitude depends on the f0 and a0 resonance mass and364

decay couplings, which have been measured in several experiments [14, 15, 16]. The parameter set used365

in the present analysis is from Ref. [16], shown in Table 1. This parameter set has been found to describe366

well the f0 and a0 components of the FSI measured in ALICE
p

sNN = 2.76 TeV Pb-Pb ! K+K�
367

femtoscopy [16], and the a0 FSI [15] in ALICE
p

s = 7 TeV pp ! K0
SK± and ALICE

p
sNN = 2.76 TeV368

Pb-Pb ! K0
SK± femtoscopy [7, 8].369

Figure. 12 shows sample fits of Eq. 3 to the ratio of the data to PYTHIA correlation functions for K0
SK0

S370

for 5.02 TeV pp and 13 TeV pp. Statistical errors are shown, which are propagated between those on the371

data points and PYTHIA. The fits of Eq. 3 to the correlation function ratios are seen to be good.372

5.2 K0
SK±

373

The K0
SK± correlation functions were fit with the expression,374

C(k⇤) =CLednicky2(k
⇤)Cbaseline(k

⇤) (7)

where CLednicky2(k⇤) is a modified version of Eq. 3, and Cbaseline(k⇤) is Eq. 1 or Eq. 2. FSI arises in the375

K0
SK± channels solely due to the near-threshold resonance, a0(980).376

The modified form of the Lednicky FSI fit function used is:377

CLednicky2(k
⇤) = 1+

✓
la
2

◆"����
f (k⇤)

R

����
2

+
4R f (k⇤)p

pR
F1(2k

⇤
R)� 2I f (k⇤)

R
F2(2k

⇤
R)+DC

#
(8)

[15] N. N. Achasov and A. V. Kiselev, “The New analysis of the KLOE data on the phi → eta pi0 
gamma decay,” Phys. Rev. D68 (2003)
[16] ALICE Collaboration, K. Mikhaylov, “K+K− correlations in Pb-Pb collisions at √sNN = 2.76 
TeV by ALICE at the LHC,” Phys. Part. Nucl. (WPCF 2019, Dubna) (2020) 



Two scenarios for FSI of K0K- à a0(980)- à{
Tetraquark vs. Diquark
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Tetraquark formation is a 1st-order
process that proceeds through the
direct transfer of existing quarks to 
the a0

- from the collision of K0K-

Diquark formation is a higher-order
process requiring the annihilation of
the strange quarks in the K0K- collision 
and transfer of energy via gluons to a0

-
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K0K-
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Can we see a signature of
Tetraquark vs. Diquark in femtoscopy?
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Examples of K0
SK± correlation functions from ALICE with Lednicky fits

The Lednicky equation with the assumption of an a0(980) FSI models the
different shapes of the measured correlation functions well for both large 
and small systems for K0

SK± correlations!
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ALICE results for K0
SK± femtoscopy in pp and Pb-Pb collisions

Observations for R:
Ø R(Pb-Pb) > R(pp)
Ø R(Pb-Pb) ~ 5-6 fm, R(pp) ~ 1 fm, both as
expected from r0A1/3

Ø For Pb-Pb, R decreases significantly for 
increasing kT, as expected for hydrodynamic 
flow effects
Ø For pp, R is not sensitive to changes in kT
as expected since flow mostly not present for pp

Observations for l:
Ø l(Pb-Pb) > l(pp)
Ø l(Pb-Pb) ~ 0.6, l(pp) ~ 0.3
Ø For Pb-Pb, l is about the same as
is measured for K0

SK0
S

Ø For pp, l is also significantly less than what is
measured in pp for K0

SK0
S

13
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Summary

Ø K0
SK± femtoscopic analyses in 𝑠!! = 2.76 TeV Pb-Pb and 𝑠 = 7 TeV pp 

collisions from ALICE were shown

Ø Main physics take-aways from the K0
SK± analyses:

1) The extracted R parameters are as expected in Pb-Pb and pp collisions
2) l(pp) < l(Pb-Pb), whereas l(Pb-Pb) agrees with the values extracted in

K0
SK0

S measurements
3) A simple geometric model used to explain the results presented in 2) 

is suggestive of the a0(980) being a tetraquark state.
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Results for R and l from 2.76 TeV Pb-Pb for K0
SK± vs. K0

SK0
S and K±K±

ALICE Collaboration, S. Acharya et al., Phys. Lett. B 774 (2017) 

* K0
SK± R and l agree with identical kaon results best for Achasov parameters

* l < 1 due to long-lived resonance decay (e.g. K*à Kp , estimate l~0.55 from K*)
Agreement of K0

SK± l with identical kaons èFSI goes solely through a0 channel
èno non-resonant channel present
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ALICE Collaboration, S. Acharya et al.,Phys. Lett. B790 (2019) 

Results for R and l from 7 TeV pp for K0
SK± vs. K0

SK0
S and K±K±

* The R values all agree 
within uncertainties

* l(K0
SK±) < l(K0

SK0
S)

19

The dashed line is the average of
the identical-kaon l parameters.


